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FOREWORD

This report documents Phase A, Part II of An Analytical and Conceptual De-
sign Study for an Earth Coverage Infrared Horizon Definition Study performed
under National Aeronautics and Space Administration Contract NAS 1-6010
for Langley Research Center,

The study was performed in two parts, Part I, which was previously docu-
mented, provided for the initial delineation of the experimental data required
to define the earth's infrared horizon on a global basis for all time and space
scales of interest. The capabilities of a number of flight techniques to col-
lect the experimental data were then evaluated; a rolling-wheel spacecraft in
a nominal 500-km polar orbit was selected as the baseline technique.

The Part II portion of the study, which this report documents, provides a
more extensive analysis of the sampling requirements and operational method-
ology for the measurement program, including the evaluation of various sys-
tem constraints. In addition, design requirements and conceptual designs are
established for the overall system and its associated subsystems, including
radiometer, attitude determination, data handling, communications, attitude
control, electric power, structures and integration, flight vehicle operations
and launch support.

Honeywell Inc., Systems and Research Division performed this study program
under the technical direction of Mr, L. G, Larson, The program was con-
ducted from 28 March 1966 to 10 October 1966 (Part I) and from 10 October
1966 to 29 May 1967 (Part II). This Part II portion of the study was the joint
effort of Honeywell Inc., Systems and Research Division and Control Data
Corp.

Gratitude is extended to NASA Langley Research Center for their technical
guidance, under the program technical direction of Messrs, L. S. Keafer

and J, A, Dodgen with direct assistance from Messrs. W, C. Dixon, Jr.,

E. C. Foudriat, H, J. Curfman, Jr., A, Jalink, Jr., T. B, McKee, W, Hodge,
and T. M. Walsh as well as the many people within their organization,
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FEASIBILITY DESIGN OF AN INSTRUMENT SYSTEM
FOR MEASUREMENT OF HORIZON RADIANCE IN
THE CO2 ABSORPTION BAND

By John C., Carson, Honeywell Inc,
Joseph S. Titus, Honeywell Inc.
Alden J. Mooers, Control Data Corp.
Ralph W. Peterson, Control Data Corp.
Charles N. West, Honeywell Inc.
Richard M, Jansson, Honeywell Inc.

SUMMARY

A feasibility design of an instrument system to collect data of the earth's
horizon radiance profile in the carbon dioxide absorption band has been de-
veloped, This system is the prime payload component of the Horizon Defini-
tion Study (HDS) spacecraft. The data gathered through the experiment per-
formed by the spacecraft-borne instruments is to be used in determining the
ultimate, obtainable horizon sensor performance and in increasing knowledge
of the physics of the earth's atmospheric emission.

A radiometer, two starmappers, and two sun sensors constitute the primary
elements of the experiment package. The radiometer utilizes a cooled Ge:Cd
detector, in-flight calibration, and classical Newtonian optics. Radiometric
requirements and constraints are analyzed in detail, Radiance profile data
is referenced to a geocentric coordinate system and, thus, instantaneous
attitude and position of the data-taking instrument must be known. While
position information is obtainable from the ground, attitude must be measured
from within the spacecraft. A passive starmapper, with a slit reticle and a
photomultiplier detector, and a sun sensor, are the major components of the
attitude determination system. Attitude determination is performed as a
ground data processing task.

INTRODUCTION

Feasibility design of an instrument system for measurement of horizon radi-
ance in the CO2 absorption band documented herein is a portion of the Horizon
Definition Study (HDS) conducted for NASA Langley Research Center, Con-
tract NAS 1-6010, Part II. The purpose of the Horizon Definition Study is to
develop a complete horizon radiance profile measurement program to provide
data which can be used to determine the earth's atmospheric state, especially
at high altitudes. These data can then be effectively used in the many at-
mospheric sciences studies and in the design of instruments and measurement
systems which use the earth's horizon as a reference.



Part I of the HDS resulted in the following significant contributions to the
definition of the earth's radiance in the infrared spectrum:

e The accumulation of a significant body of meteorological data
covering a major portion of the Northern Hemisphere.

e Computation of a large body of synthesized horizon radiance
profiles from actual temperature profiles obtained by rocket
soundings.

e Generation of a very accurate analytical model and computer
program for converting the temperature profiles to infrared
horizon profiles (as a function of altitude).

e An initial definition of the quantity, quality, and sampling
methodology required to define the earth's infrared horizon
in the CO2 absorption band for all temporal and spatial conditions.

® An evaluation of the cost and mission success probabilities of a
series of flight techniques which could be used to gather the
radiance data. A rolling-wheel spacecraft was selected in a
nominal 500-km polar orbit,

The Part II study effort was directed toward the development of a conceptually
feasible measurement system, which includes a spacecraft to accomplish the
measurement program developed in Part I. In the Part II HDS, a number of
scientific and engineering disciplines were exercised simultaneously to con-
ceptually design the required system. Accomplishments of Part II of the
study are listed below:

e The scientific experimenter refined the sampling methodology
used by the measurement system., This portion of the study
recommends the accumulation of approximately 380 000 radiance
profiles taken with a sampling rate that varies with the space-
craft's latitudinal position.

e A conceptual design was defined for a radiometer capable of

- recolving the earth's radiance in the 15-micron spectrum to 0,01
watt/meter?-steradian with an upper level of response of 7,0
watt/meter?-steradian,

e A starmapper and attitude determination technique were de~
fined capable of determining the pointing direction of the
spacecraft radiometer to an accuracy of 0. 25 km in tangent
height at the earth's horizon. The combination of the radi-
ometer and starmapper instruments is defined as the mis-
sion experiment package,

e A solar cell-battery electrical power subsystem conceptual
design was defined which is completely compatible with the orbital




conceptual design and experiment constraints. This system is
capable of delivering 70 watts of continuous electrical power for

one year in the sun-synchronous, 3 o'clock nodal crossing, 500
km orbit.

® A data handling subsystem conceptual design was defined which is
capable of processing in digital form all scientific and status data
from the spacecraft. This subsystem is completely solid state and
is designed to store the 515 455 bits of digital information obtained
in one orbit of the earth. This subsystem also includes command
verification and execution logic.

® A communications subsystem conceptual design was defined to
interface between the data handling system of the spacecraft and
the STADAN network. The 136 MHz band is used for primary data
transmission and S band is used for the range and range-rate
transponder.

® A gpacecraft structural concept was evolved to contain, align, and
protect the spaceborne subsystems within their prescribed environ-
mental constraints. The spacecraft is compatible with the Thor-
Delta launch vehicle.

® An open-loop, ground-commanded attitude control subsystem con-
ceptual design was defined utilizing primarily magnetic torquing
which interacts with the earth's field as the force for correcting
attitude and spin rates.

e The Thor-Delta as booster, which provides low-cost and adequate
capability, was selected from the 1972 NASA ''stable. "

® Western Test Range was selected as the launch site due to polar
orbit requirements. This site has adequate facilities except for

minor modifications to handle the program and is compatible with
the polar orbital requirements.

RADIOMETER

REQUIREMENTS

The purpose of the radiometer design study has been to establish ’ghe feasibility
of the HDS experimental objectives. To accomplish this, it was first neces-

sary to translate these objectives which are stated in terms of the functional
relationship and its variability between radiance and tangent height into

quantitative radiometric requirements,



Specifically, the quantities which define radiometric performance are:

e Sensitivity, expressed as Noise-Equivalent Radiance (NER) or that
input radiance level required to produce a signal equal to the noise
level at the radiometer output.

e Resolution or transfer function, the relationship between input and
output expressed as a function of the spatial frequency content of
the input,

e Radiometric accuracy, expressed in terms of signal-level-dependent
(scale) and signal-level-independent (bias) components and distinguish-
ing between constant, slowly varying, and rapidly varying contributors,

In addition, entities that define the conditions under which these three basic
performance criteria apply are:

e Dynamic range, range of input radiance levels over which the require-
ments apply

e Spectral interval

e Mission constraints, determination of the relation between time
and spatial frequencies, as well as definition of thermal, volume,
and weight constraints.

Quantitative derivation of the above requirements and constraints from the
experimental objectives determines the performance desired of the radiometer
and becomes the grounds for the first~order assessment of feasibility. The
method used was to synthesize both the phenomena to be measured and char-
acteristics of the measurement instrument and to evaluate the resultant simu-
lated measurement with respect to the degree to which the program objectives
were achieved. This process is described in the following paragraphs.

In the following section, on system analysis, these requirements are used to
develop a feasibility design concept and subsystem and component require-
ments to the degree necessary to assess their feasibility. Finally, the sec-
tions that follow are devoted to the detailed component design required to
establish feasibility of the system.

Program Measurement Requirements

The basic radiometric objective is to obtain data upon the earth infrared hori-
zon of sufficient quality for two applications: to determine the ultimate,
obtainable horizon sensor performance as limited by the characteristics of
the horizon itself; and to further develop the understanding of the physics
involved in the emission of the earth atmosphere,




For the horizon sensor application, the desire is to determine the horizon
variability that is random or effectively nondeterministic as opposed to that
which can be explained, predicted and, hence, corrected. Synthesization of
the infrared horizon radiance versus tangent height profiles was performed
during Phase A, Part I, for a wide variety of conditions and as a function of
spectral interval. The 14. 0-to 16. 28- 4 spectral interval was chosen to
provide the most stable horizon. The expected deterministic and nondeter-
ministic variabilities within that interval were estimated and may be grossly
summarized as follows:

7.0 W/m2 - sr

e Maximum peak radiance

e Minimum peak radiance 3.0 W/rn2 - sr

0.6 W/m2 - sr~-km

e Maximum slope

]

e Minimum slope 0. 02 W/rn2 - sr-km

e Maximum rate of change of slope = 0,15 W/m2 - sr—krn2

The necessary data quality is defined in Table 1, where the affected radiom-
eter characteristics have also been noted,

Mission Constraints

The constraints that the mission definition places upon the radiometer design
result from two prime factors: (1) the spacecraft is a spin-stabilized,
rolling-wheel configuration; and (2) the spacecraft is nominally in a 3 p. m.,
sun-synchronous, polar orbit (see Figure 1). The following considerations
then apply

e Passive scanning is permitted.

e Thermal control and choice of operational temperatures can
utilize the fact that one side of the spacecraft is never illuminated

by the sun.

e The angle between the sun line and radiometer line of sight can
be as small as 26°.,

e Orbital altitude is 500 km which implies a conversion factor of
~ 0.02°/km tangent height

e Spin rate is three rpm which implies a scan rate of 18°/second
or 800-km tangent height/sec.



orjeoridde sorsLyd oraaydsowyy °II
uorjesirdde Josuss uozlaoy ‘I
]
£31AT3ISUDS 111 wy gg > uoIInjosad yjnwizy °g
saanjeaadwa} Surjeasdp 3TqIO Ut B
aaempaey pue £§oTouyoa} arqeorrddy I ‘1 Jeak-auo Joj sjuswaJinbaa [[e 109N  °S
£oeanooe orajoWOIpEY
Kyrarjrsuag ‘wy 08+ 03 WY Qg- woay
uorjounj JIajsueg], wy ¢z ‘0 F Jjo Loeandue yday juajuey
£5eJaNDO® UOI}BUTWIS}RP apNIINY ‘1 0} 9[qeufISSe IDUBIPBJI PIINSEIN °p
.Hm..NE\B
£oeIndoe JDLIJoWOIpEY 0°L O} 10 °0Q :9OUBIpEJ 9)NJOSGE JO
(4AN) £31a131SUas adued otureudq 11 a3uea ayj} JsA0 (g) 0} WwIOJUOD °g
(HAN) £31a131SULg *ury /sa[o£d ¢ °1 0} dn
*(SOIUOJ}09[d ‘J030339p sotouanbaay Te1jEdS 3B pm-mE\B
‘sorjdo) uorjouny aajsuea} walsLg ‘11 10 °0 S STeudISs 9DUBIPBI JA[OS9Y °*Z
coanjeaadwa} Jurjeaado
J030332p pue sorido jo adLj, 1 M gz°gI 01 0°FT :TeAJdjul Tes3dads °1
SIajowrede pajdally te) juswaginbay
30aN0g

SLNIWHIINOAY LNINAINSVAN INVEDOUd- T ITI VL




6=3 rpm (18° / sec)
h= 500 km
Ag= 0.02° /km tangent height

Figure 1.
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The launch vehicle is a Thor-Delta which will constrain the weight and size
of the radiometer as will be seen in subsequent paragraphs.

Profile/ Radiometer Synthesis Studies

Two types of studies were performed: the first to determine the effects of

all of the possible types of radiometric error upon horizon detection capa-
bility versus the magnitudes of those errors; the second to quantify the errors
attributable to system resolution or frequency response. Note that radiometric
sensitivity (NER) will emerge as one of the contributors to radiometric ac-
curacy.

Radiometer accuracy. -- Effects of radiometer errors on the data measure-
ment requirements were determined by perturbing a set of 120 synthesized
radiance profiles with the expected types and magnitudes of radiometer errors
and calculating the resultant error in the located horizon as found by various
horizon detection techniques.

The locations of the radiance profiles used are given in Figure 2, which
shows the available locations and locations used and illustrates that the com-
plete geographical area of the available data is covered. For each of the 30
locations shown, profiles for times in April, August, October, and January
were used to include seasonal effects.

Each of these profiles was perturbed by four values of six different types of
radiometer error. Radiometer errors were divided into two basic errors,
scale and bias. Scale errors are percentage or fractional errors; bias errors
are expressed in terms of radiance magnitude, e.g., radiometer noise equiva-
lent radiance of X.XXX W/m2-sr, rather than percentage. These two kinds

of errors affect radiance measurements in three different ways.

The first method of application of error is that the errors are constant in
time, such as calibration errors, When a given radiometer is calibrated all
of the actual errors, sometimes called nonlinearity, offset, etc., are cali-
brated out, but a residual calibration uncertainty remains.

By analysis, test, or otherwise, the maximum value of the uncertainty is
known, but within this tolerance range the actual value of the uncertainty is
not known. However, the value that existed at the time of calibration remains
fixed for a given instrument. That is, if the calibration radiance is known to
within £1 percent, then for a given calibration, the input radiance is some-
where between 0,99 N, and 1,01 N,. If the input radiance is assumed to be
0. 995 Ny, then a fixe(? calibration error of 0.5 percent exists which will
exist for the instrument for all time. These fixed errors would seem to have
no effect on local vertical because they affect all profiles in the same direction
and subtract out when differences are taken to find local vertical. However,
they do affect located horizons since they propagate into located horizon
errors as a function of profile shape and magnitude. Then, although the
radiometer error is a constant, the resulting located horizon error is not,
and local vertical is affected.
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The magnitudes of this error investigated were selected to bracket the ex-
pected value of error to be associated with the HDS radiometer calibration.
Thus, scale errors of 0.4, 1, 2, and 5 percent and bias errors (all W/ m“-sr)
of 0,001, 0.004, 0.01, and 0.04 were used.

The kinds of errors that vary over the operation of the devices have been re-
ferred to in discussions of precision, but since in-flight calibration will be
done for the radiometer, this class of errors coming under precision or
accuracy will be discussed further. Since repeated calibration is to be done,
the stability of the calibration is critical; this stability includes that of the
calibration source and of the radiometer response,

Instabilities are of two kinds, those that fluctuate rapidly like detector or
electronics noise and those that fluctuate slowly like temperature-~caused
drift. Without discussing the specifics of frequency distributions, it is
assumed for the HDS radiometer application that a slowly varying error,
henceforth referred to as drift, is one which has a constant magnitude over
a single profile measurement but which is different for some other profile
measurement. A rapidly varying error, henceforth referred to as noise, is
one which changes in magnitude from point to point on each profile being
measured. Both of these are assumed to have gaussian amplitude distri-
butions. The magnitudes chosen are the same as for calibration error.

For a given value of calibration error, all profiles were perturbed by a con-
stant, e. g., multiplied by 1. 05 for a five percent scale error. For a given
value of drift, each profile was perturbed by a different error value selected
from a gaussian distribution, e. g., for five percent drift each profile was
multiplied by (1 + X) where X was selected from a gaussian distribution with
a o of 0. 05 Perturbations were similar for noise, except that each radiance
value on each profile was perturbed by a different error value selected from
the applicable distribution.

Each type of error is determined by a variety of contributors within the
radiometer and its associated calibration equipment. Examples of the various
kinds of error sources are as follows:

Scale errors. --

Calibration: In terms of errors originating during, or as a part of,
primary ground calibration:

. Calibration system optical transmission or reflectance
uncertainty

. Calibration radiance source emittance or temperature
uncertainty

° Source radiance level dependent stray radiation

Geometrical - tilts and spacings - uncertainties

10




] Radiometer spectral response and source spectral
content uncertainties and drifts

o Interaction between radiometer components
and calibration equipment

and in terms of errors originating during, or as a result of, handling, and

testing, and the environment from the time the instrument underwent pri-
mary calibration until the first secondary (in-flight) calibration on orbit:
° In-flight calibration system drift
Radiometer optics reflectance and transmission changes
] Detector or electronic drifts (non-linear) that would
affect interpolation between in-flight calibration levels
Drift:
° In-flight calibration system temperature
and emittance uncertainties

° Interaction between telescope emission
and detector responsivity

[ Changes in optics reflectance and transmission

. Spectral response shifts
Noise:

° Stray radiation from neighboring resolution elements
[ ] Detector temperature variations

° Detector bias variations

o System transfer function induced spurious modulation
and/or smoothing (listed under scale errors since it is
proportional to input signal modulation)

Bias errors. --

Calibration:

Source radiation level independent stray radiation

Finite sample size of zero-mean random phenemona such
as detector noise, resulting in an error inversely proportionzl
to the time spent in calibration

11



Drift:

e Stray radiation
[ ] Finite sample size of noise and telescope emission
during each in-flight calibration

Noise:

[ Detector noise and short-term drifts

° Electronics noise and short-term drifts

° Stray radiation
The body of data operated on by different horizon detection techniques to
determine horizon error consists of 24 different sets of 120 radiance
profiles in each set. Each of these sets of profiles was operated on by four

different threshold techniques with two threshold values used for each tech-
nique as summarized in Table 2 and Figure 3.

TABLE 2, - HORIZON DETECTION TECHNIQUES

Threshold technique Threshold values
Radiance magnitude, (L1) 2.0, 3.0 W/mz-sr
Normalized radiance magnitude, (L2), 0.15, 0.90 (15%, 90%)
% of peak radiance
Integral of radiance, (L3) 4,5, 20,0 W-km/mz—sr
Integral of normalized radiance, (L4) 2.5, 10,0 km

The results are presented in Table 3 which gives the located horizon error

sensitivity coefficients in km/percent for scale error and in km/. 01 W/mz-sr
for bias errors. Both error standard deviation, which is the contribution to
horizon noise caused by the radiometer, and error mean value, which is an
absolute accuracy indication, are given.

These horizon errors caused by instrument errors cause a degradation in the
measurement program performance. A measure of program performance is
the confidence level in obtaining a given confidence interval on the estimate of
horizon noise obtained from the measured profiles. In the Part 1 study, data
sampling requirements were determined which would produce a 95 percent
confidence level of estimating the horizon noise {o within +0. 5 km. Because
of the added effect of instrument-caused horizon noise, this confidence inter-
val must be reduced, or, alternately, the number of samples must be
increased.

12 »
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TABLE 3. - SENSITIVITY COEFFICIENTS

Standard deviation

Scale, km/% Bias, km/.01 W/mz-sr
Locator Cal l Drift l Noise Cal l Drift | Noise
L1 (2, 0) .02 .13 .10 .01 .06 .05
L1 (3.0) .04 .18 .13 . 015 .05 .05
L2 (0. 15) 0 0 .08 .02 .09 .08
1.2 (0,9) 0 0 . 48 . 002 . 008 . 10
L3 (4.5) . 006 .07 . 026 . 06 .04 .15
1.3 (20.0) . 008 . 10 . 023 .27 .19 . 053
1.4 (2, 95) 0 . 06 .04 .22 .07
1.4 (10, 0) 0 .08 .02 .10 .03

Mean error
L1 (2.0) .12 -. 02 . 004 . 06 -.006 -. 01
1.1 (3.0) .15 -. 03 -, 004 .05 -. 006 -, 008
1.2 (0. 15) 0 0 -. 116 .09 -.01 -.029
L2 (0. 9) 0 0 -, 625 . 008 -.001 -. 077
L3 (4. 5) .06 -, 007 -. 004 .41 -.038 -. 006
1.3 (20, 0) .09 -. 01 0 .18 -, 018 -.003
14 (2,5) 0 0 -. 12 .21 -.02 -, 02
14 (10,0) 0 0 -. 19 .10 -.01 -.03
14




The analysis leads to the following equation which relates the parameters of
interest,

- ’ . 9 2 9 ] 1/2
; g
242 '\1 FLo] rm-n K L
g
2 g2
I, = S (1)
I m (N-1) (1-"/100)
where:
IC = confidence interval on the estimate of natural horizon noise
g9 = horizon noise in nature
o1 = instrument-caused horizon noise
= number of time cells

N = number of samples per time-space cell

= fractional uncertainty in the estimate of 4 .

The approach taken here is to allow the confidence level to decrease to 90 per-
cent from 95 percent rather than to increase the sample size. The resultant
allowable instrument-caused horizon error is determined from Figure 4 which
shows the confidence level P versus instrument caused error 01 for various
values of horizon noise g, and k, the fractional uncertainty in oy At the

90 percent confidence level, allowable instrument-caused errors are

aq 0.3 km +31, 6%4; 0. 34 km +20%; 0. 38 km +10%; and 4 km +0%

To simplify the radiometer design problem, both the allowable error and its
tolerance should be made as large as possible. However, as the allowable
error increases, the allowable tolerance decreases, thus necessitating a
compromise. The combination selected as being a reasonable compromise
is an instrument-caused error 9, of 0. 34 km known to within +20 percent.

For this instrument-caused error the allowable values of radiometer scale
and bias errors are determined from Table 3.

Using the sensitivity coefficients of Table 3, the locator exhibiting the maxi-
mum sensitivity for each error was constrained to produce a horizon error
of 0. 34/+/6 km in order to guarantee that the rss of the six errors did not
exceed 0. 34 km.

15
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Since a given locator exhibits high sensitivity to one kind of error and low
sensitivity to another (e. g., Figures 5 and 6), the approach described above
led to a root-sum-square horizon error considerably lower than the maximum
allowable 0. 34 km. Adjustments were made in the errors known to cause

difficulty in the radiometer design process to relieve the requirements and
remain within the allowable 0. 34 km error.

The resulting allowable radiometer errors, the resultant root-sum-square-
horizon standard deviation, and overall mean error are shown in Table 4.

These radiometer errors become radiometer specifications which define the
maximum allowable (one ¢) scale and bias errors for calibration, drift, and
noise. For clarity they are restated here:

Bias drift: .01 W/m_2 sr

.01 W/m_2 sr

e Scale calibration: 3% (1. 0% design goal)
° Scale drift: 0. 72%

° Scale noise: . 279

® Bias calibration: .01 W/rn2 sr

°

°

o O O ©

Bias noise:
Emphasis has been placed upon scale calibration accuracy for two reasons:

1. It is the largest single contributor to the mean error.

2. It is the one error that is not improved upon as the in-orbit
data increases in quantity.

Radiometric Resolution Study. -- The radiometer resolution or frequency
response is a function of the optical system collecting aperature diameter,
the detector field of view, and the electronics bandwidth. The specific de-
pendence is as depicted in Figures 7 and 8 which assumes that

1. The optical system is essentially diffraction limited, and

2.  The detector time constant is sufficiently short that its
effects can be ignored.

In order to evaluate the effects of the various combinations of radiometer
parameters on the horizon measurement, the set of 120 profiles, discussed
in the preceding paragraphs, was operated on by simulated radiometers. The
resulting errors were then computed in terms of located horizon, local ver-
tical, and the radiance tangent-height function itself. Twenty-seven cases
were evaluated employing all combinations of the following parameters:

17
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TABLE 4. - ALLOWABLE INSTRU MENT-CAUSED HORIZON ERROR,
STANDARD DEVIATION, AND MEAN
Standard Deviation

t.ocator rss Scale Bias

Cal 37 Dritt 0,727 Noise 0,27 Cul Drift Noise
11 (2.0) L 139 06 ROVRE) 027 L0110 L0060 L0550
1.1 (3.0) S1a7 12 L 130 L0135 L0156 L050 .050
1.2 (0. 15) L1126 0 n 1022 .020 _090 L1080
1.2 (0. C164 0 0 140 L0022 .00y 100
o (405 L1705 L0108 LUL0 L00 Y L0650 L 040 150
13 (20, 0) 34 L0224 070 L 006 L2500 L1990 053
14 (2.9) L2358 0] 0 L0016 L1040 L220 00
1.4 (10.0) . 109 0 Al La22 L 020 . 100 030

Mean Frror
Sum B

1.1 (2.0) L3933 L 36 - 014 .001 .06 -. 006 -.01
1.1 (3.0) L 463 .45 -. 022 -, 001 .05 -. 006 -.008
1.2 (0. 15) .01 0 0 .. 032 .00 -.01 -.029
1.2 (0.9) -.239 0 0 - 169 . 008 -.001 =077
1.3 (4. 5) .54 .18 -. 005 -.001 .41 -.038 -. 006
1.3 (20.0) 422 27 -.007 0 18 -.018 -.003
1.4 (2.9) L 137 0 0 -.003 L21 -.02 -.020
L4 (10.0) -. 009 0 §] -.051 .10 -.01 -.030

20
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4500

3000 } 0.005°
1500
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Figure 7. Frequency Response for Combinations of
Aperture, Detector, and Electronics
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™ Optics diameter: 20, 40, and 60 cm,
° Detector field of view: 0,005°, 0,01°, and 0.02°
° Electronics 3-dB bandwidth; 750, 1500, and 3000 Hz

(where 750 corresponds to 1 cycle/km)

which represents a variation in system bandwidth of from 1/3to 1-1/3
cycles/km.

Other parameters used in the simulation were

Y Scan rate: 18°/sec
° Altitude: 500 km
[ Radiometer focal length: 40 cm

Output of the electronics was obtained by assuming that the detector time out-
put is linear from point to point as the horizon profile is scanned in finite
time increments. The electronics transfer function was assumed to be satis-
factorily given by a single-order, low-pass filter. The output of the low-pass
filter to each input ramp was calculated and summed to give the electronics
output. For a given increment of time, the output is

( -t-to})
Eo(t) = K(t-to) 1-e T to

where: to scan time at the start of each ramp,

At time increment until start of next ramp, and

K slope of ramp.

Table 5 summarizes the mean located horizon errors and their standard
deviation. Maximum mean errors are in the range 0.2 to 0.3 km and
appear to be relatively independent of variation in aperture size or detector
field. More thorough examination of the results indicate that this error is
almost totally due to the low-frequency (<0.03 cycle/km) phase shift of the

assumed linear, first-order electronics filter. It is, therefore 2, correctable
to within its standard deviation, which does not exhibit a significant dependance
upon electronic bandwidth. The error standard deviation in the range 0.01 to

0.05 km is strongly dependent upon optical resolution (aperture size).

2 The phase shift can be removed by using knowledge of the filter phase
versus frequency characteristic and by performing a frequency analysis of
each profile which is unaltered by the phase shift. Alternatively an active
filter can be employed to reduce the low frequency phase shift.
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TABLE

5.-LOCATED HORIZON ERRORS FOR PARAMETER
VARIATIONS (YEARLY AVERAGE)

Yearly Average dh(ch)

4
ar De | Detector | LYz 00 | Lla.o0 | r%0.1:) | r%o. 9 | L. | Ldqe.o [Lies L*10.0) Case
2 cm field, deg
HZ
750 20 .005 . 19(.04) 17{.04) . 20(. 05) .15(.05) | .31(.02) . 23(. 009) . 24(.01) . 20(. 006) 1
.01 . 19(, 04) 17(. 04) . 20(. 05) .15(.05) { .31(.02) . 23(. 009) . 25(. 01} . 20(. 006) 2
.02 . 19(. 04) 17(. 04) . 20(. 05) .15(.05) | .32(.03) .23(.009) . 25(.01) . 21(. 007 3
40 ,005 . 18(.02) .17(.02) . 19(. 03) .18(.03) | .25(.02) .204,006) | .21(.008) | .19(.004) 4
.01 . 18(. 03) L 17(. 02) .19(.03) .16(.03) | .26(.02) .20(.006) | .22(.008) .19(.004) 5
.02 . 18(.02) . 17(. 03) .19(. 04) L15(.04) | .27(.02) .21(.007) | .22(.008) | .19(. 005) 6
50 .005 . 18(.02) . 17(. 02) . 18(.03) .16(.03) | . 24(.02) .19(.005) | .20(. 007} . 18(. 003) 7
.01 . 18(. 02) . 17(. 02) . 18(. 03} .16(.03) | .24(.02) .20(.005) | .20{.007) . 18(. 004) 8
.02 . 18(. 02) . 17(. 02) .19(, 03) .16(.03) | .26(.02) .20(.006) | .22(.008) . 19(. 004) 9
1500 20 ,005 | 11(. 03) . 09(. 03) . 12(. 05) .07(.05) | .21(.02) .14(.008) | .16(.009) | .12(.006) 10
.01 | 11(. 04) . 09(. 04) . 12(. 05) .07(.05) | .22.02) . 14(.008) | .16(.009) . 12(. 006) 11
.02 | 11(. 04) . 09(. 04) . 12(.05) .07(.05) | .22(.02) .14(.008) | .16(.009) [ .12(. 006) 12
10 .005 . 10(. 02) . 08(.02) . 10(. 03} .07(.03) | .16(.01) L11(.005) | . 12(006) . 10(. 003) 13
01 L 10(. 02) . 08(. 02) . 10(. 03} ,07(.03) | .16(.01) .12(,005) | .13(.006) . 10(. 003} 14
.02 10(. 02) .08(.02) L11(.03) .07¢.03) | .17(.02) .12(.006) | . 1X.006) . 11(. 004) 15
50 e 09(. 02) . 08(.01) .10(.02) .08(.02) | .14(.01) .11{. 003 . 11(. 005) . 10(.003) 18
0t 09(.02) . 08(. 02) . 10(. 02) .08(.02) | .14(.01) . 11(. 004) S12(.005) | . 10(.003) 17
.02 10(.02) . 08(. 02) .10(. 03) .07¢.03) | L1801 . 12(.005) . 13(.006) . 10(. 003) 18
3000 20| .o0s L 06(.03) . 04(. 03) .08(.04) .03(.05) | 1702 .10(.007) | .11(.008) | .07(.005) 19
.01 . 06(. 03) . 04(. 03) . 08(.04) .03.05) | 1702 .10(.00m) | . i1{.008) . 07{. 005} 20
.02 L 07(. 04) . 04(. 04) . 08(. 05) .03(.05) | .18(.02) . 10(. 008) . 12(. 008} . 08(. 006) 21
a0 . 005 . 05(. 02) . 04(. 02) . 06(. 02) .03(.03) L1101 . 01(. 004) . 08(.005) . 06{.003) 22
.01 . 05(. 02} . 04(.02) . 06(.03) .03(.03) | .11(.0D) . 01(. 004) . 08(. 005) . 06{. 003) 23
.02 | 06(.02) . 04(. 02) . 06(. 03) .03(.03) | .13(.01) . 08(. 005) . 09(. 005) . 06(. 004) 24
¢o| .005 L 05(. 01) .04(.01) . 05(. 62) .04(.02) | .o9(. ooa .06(.003) | .07(.003) . 05(. 002) 25
.01 . 05(.01) .04(.01) .05(.02) .04(.02) { . 10(.009) . 06(. 003) . 07(. 004) . 06(.002) 26
' .02 . 05(. 02) . 04(.02) . 06(.02) .03(.03) | .11(.01) . 07(. 004} .08(.005) { .06(.003) 27

24
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A technique for compensating the mean error is to estimate the value of the
expected mean error by simulation and to bias the experiment results ac -
cordingly. The uncertainty in the estimate of the mean oM is given by

and standard deviation

9An
M Vm-1 (3)
where:
& = standard deviation about the expected mean ‘
Ah ‘
M = number of samples used to calculate the mean

Of greater utility than the located horizon error analysis was a detailed
analysis of the radiance errors versus tangent height for selected profiles.
Figures 9 through 12 illustrate such analysis for a representative profile.
Because this error is perfectly describable as bias noise, the maximum
allowable value has been set at 0.01 W/m2-sr. This should actually be taken
as at least a 3 0 value, since, as will be seen later, there are five con-
tributors of comparable size to the bias noise error.

The curves of Figures 9 through 12 indicate that the electronic phase shift

is relatively constant. The curves also indicate, to the extent that this pro-
file is representative, that a 40-cm aperture and a 0. 5-km detector field
constitute a reasonable combination which fulfills the measurement objective.

Summary and Conclusion

The foregoing discussions have implied that the one remaining parameter NER
would naturally emerge from the error analysis. This parameter is one of the
contributors to noise bias errors and as such should be maintained at no greater

2 s
than 1/3 the total error allotment, i.e., of < 0.003 W/m"~ -sr. This is also
consistent with the program measurement requirements of detecting a minimum

absolute radiance of 0.01 W/m2 -sr as well as measuring fluctuations of the
same amount regardless of absolute radiance level.

Requirements and constraints developed in this section are summarized as

follows:

e Spectral interval: 14. 00 to16. 28

e NER: <0.003 W/m?2-sr
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° System transfer function

Frequency responsea: <107 %102 0.75 cycle/km

(post-detection)

Low end chosen to keep "droop' at frequency

1
~ profile length <L

Phase shift (uncorrectable): %—% radians cycle/km of

spatial frequency.

(O<; <1 cycle/km)
s
. Radiometric accuracy - Scale % bias, W/mz-sr
Calibration < 3.0 0.01
Drift 0.72 0.01
Noise 0. 27 0.01
° Dynamic range: NER to 7.0 W/m?-sr
° Minimum aperture diameter: 40 cm (& 10)
° Maximum detector field: 0.5 km (& 0. 25)
° Altitude: 500 km
° Scan rate: 18°/sec

SYSTEM ANALYSIS

The feasibility of attaining the radiometer performance objectives has been
demonstrated by the development and evaluation of a feasibility design con-
cept. This was accomplished in the following steps:

1. Parametric analysis to relate the parameters defining radiometer per-
formance to those defining its configuration to provide a basis for
quantitative evaluation of the effects of design decisions upon the ex-
pected performance.

2. Tradeoff and design analyses to define a preferred configuration by
which to establish the feasibility of the performance requirements.
These analyses do not optimize the design concept with respect to any-
thing except that it be the most straightforward and demonstrative
means of establishing feasibility .

4The low frequency of 1074 cycle/km maintain_szthe "droop' at frequencies
corresponding to the profile fundamental (~ 10 cycle/km) to less than 1 percent,
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where:
f/no.
Af
c
AQ
i)
since:
where: .
®
k

3. Detailed design and analyses of subsystems and components
where necessary to establish feasibility.

4. Derivation of the expected performance characteristics of
the preferred design and comparison with the basic re-
quirements. As a result of this effort, critical problem
areas are defined along with the required design and de-
velopment upon which the feasibility of the design ulti-
mately is predicated.

Parametric Analysis

The two performance parameters of interest are sens itivity and transfer
function. The latter was discussed in the previous section, and the resultant
parametric constraints noted. The radiometric sensitivity is given by

4 fino, VAf

NER = — (4)

i D DC VA Q

optics effective f number

post-detection noise equivalent bandwidth
aperture diameter

detector detectivity normalized to unity area and
bandwidth

detector field of view

A8 (az) x A¢ (el.)

system efficiency

Af = k (ag) g

scan rate and

constant of proportionality of electronics cutoff in
terms of resolution elements/sec; then, an alter-
nate form of equation (4) is

4 f/no. Vk o

NER %" D*D_A¢da o (42)
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Now o = 50 Ge
optics electronics
and _GL =~ constant + 5%, 1/2< k<2;
e

therefore, we can take any k in that range and the corresponding 6e for the

purpose of computing NER. [Note, there are other factors involving the
choice of sampling rate, memory size, etc. that enter into the actual value

of k.] In particular, k can be taken as 1, and Ge computed for the specific

electronic operations utilized.

The quantity f/no. can reasonably be taken to be 1 for the purpose of this
analyses. The scan rate ¢ is 18°/sec.

The azimuthal resolution A6 can be as great as 25 km (~ 10 mr). However,
since the elevation resolution will be between 0. 25 and 1. 0 km, and since
aspect ratios on the detector of greater than 5 - 10 will be difficult to
achieve, A6 will be taken as equivalent to 2 km (0.8 mr). Owing to the
required low frequency response, the system will undoubtedly employ a
chopper implying a 504 energy loss/resolution element. Further losses are
in the spectral filter (~40%) and optics (~40%), which taken with & ¢ (~0. 80)
yield a system efficiency in the range 10 - 15%. Using 0. 15, the following
relation is yielded:

2
o 1.7x10%
NER = alX AO¢ W/cm? - sr

D* D
C

1/2

D* in em -Hz /W, DC in cm, Ag in radians

This quantity is plotted in Figure 13, for a range of D* corresponding to the
applicable technology in detectors and coolers. Note that to get a room tem-
perature system onto the same graph required giving it a 25 km azimuthal re-
solution, so that the difference between it and the other two temperature re-
gimes is quite real. Such is not the case between the lower two bands which
can be made to converge by means of straining the aspect ratio somewhat.

The area devoted by ''required region of operation' is bounded by the maximum

allowable NER and minimum allowable aperture, the latter being determined
by resolution requirements (see the section on radiometric resolution study).
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Aperture diameter, cm

10001

/
A

4Required region
of operation

100+

For:f/no.=1.0

qS‘= 18°/sec

Azimuth resolution= 2 km
(25 km for room temp detector)

Efficiency = 0.15

Selected
parameters
10 -
Elevation 15y, 0.5 km
resolution ?iffraction
imit
0. 25 km \
0.50
1. 00
1.0 T 1 ‘
001 01 ol 1.0

Figure 13.

NER, 10, W/m® - st

Minimum Detectable Radiance
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System Design

To define the radiometer configuration the following must be determined:

Type of detector
Type of optical system
Operating temperatures

Primary calibration technique
In-flight calibration technique

Redundancy

As soon as the type of detector is chosen, by immediate reference to Figure
13, virtually all of the remaining characteristics can be determined. This
choice is governed by the necessary D* and the associated cooling re-
quired. Owing to the developmental character of Hg: Cd: Te for this wave-
length region, and the extreme cooling requirement of Ge.: Cu, Ge: Cd was
chosen as the detector material. The following parameters may then be de-

fined:

Detector type: Ge: Cd

Detector temperature: 15t020° K

sk > 11 ) 1/2
b 15, 1500, 1:"~ 1x 10 cm - Hz |W

Aperture diameter: 40 cm

f/no. : f/1.0

Detector field of view: 0.2 x 0,8 (mr. )2

Electronic bandwidth: 1600 Hz

(0.1 - 1600 Hz post detection)

(fC + 1600 Hz pre-detection where fC = chopping

frequency)

Actually, the requirement upon aperture size is sufficiently loose from the
point of view of resolution and, since the radiometer NER is really propor-

tioned to l?_é#g: the latter quantity should be specified as whole rather than in

2
_terms of its components. To meet the NER requirement of 0.003 W/m~-sr,
with the D* and other parameters defined as above, %—%—Q—must be 225 cm.
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The type of optics, calibration techniques, and the detailed design tradeoffs
are discussed in the relevant sections. Two radiometer system design

areas are important to the choice of configuration: redundancy, and operating
temperature.

Redundancy -- The radiometer consists of three basic types of com-
ponents in terms of the types of failures that are important: (1) those that
are vulnerable to breakage and degradation in the 1aunch/orbit environment
as typified by the optics; (2) those that fail with time in a more or less
random fashion due to interaction between materials characteristics, pro-
duction flaws, and operating loads as typified by the detectors and elec-
tronics; and (3) those that are most susceptable to predictable wear-out over
the mission life as typified by the stored cryogen type of detector cooler.
Of the three, only type (2) really profits significantly from redundancy and
in the radiometer includes all of the electronics, choppers, secondary
calibration systems, but not the optics or cooler. Owing to the fact that
virtually all of the system weight and volume are consumed in the optics
and cooling subsystems, a major design problem will be how to achieve
the required redundancy without being redundant unnecessarily in these
two areas. This consideration will dictate heavily in favor of optical
systems with wider fields of view than absolutely necessary to permit
separate detectors and choppers within a single optical system.

Operating temperature --1In a long wavelength radiometer such as
this is, thermal emission within the instrument can produce signals greater
than that due to the horizon itself. Figure 14 illustrates the various effects
of this thermal emission on the radiometer. These spurious signals are
theoretically constant in time and can be subtracted from the data and, hence,
no error wiil theoretically be produced. However, spurious modulation,
such as by the chopper, will produce unknown signal components and, hence,

errors. To demonstrate feasibility, the operating temperature of the radio-
meter will be set as low as practical for the spacecraft.

Radiometer Design Summary

The major areas of design where special emphasis was required to assure
feasibility were:

° Thermal control

e Radiation chopping: how performed without spurious signal
production

e Detector bias power: minimize D degradation
° Detector mounting
° Stray radiation supression: baffling required to supress

radiation from earth beyond instantaneous field
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. In-flight calibration: stability, non-interference with measurement
' Redundancy: how achieved at no compromise in performance
e Primary calibration: source/technique/facilities required

° Detector cooling

All but the last two items were demonstrated to be feasible in terms of both
analysis and comparison to similar hardware applications. In the areas of
primary calibration and detector cooling, the design approaches involved the
use of standard techniques, but in new application and combinations such that
feasibility can only be said to have been established analytically.

The feasibility design concept is illustrated in Figures 15 and 16 and incor-
porates the following design features:

e Type of optics system: Classical Newtonian £f/1.0 (f/2.0 primary)
40-cm aperture diameter

e Detector: Ge: Cdat 16° K; 0,2 x 0.8 (mr)? field

° Cooling: Solid neon primary coolant
Solid methane secondary coolant

® Operating temperature: 200°K £ 20°K

° Chopper: Torsional pendulum at 2500 cps (generates 5000 ""chops''/
second)

. In-flight Calibration: 3 levels through entire system
4th and highest level near detector, coated

platinum sources, platinum thermometer
control

o Redundancy: Calibration subsystems and chopper, detector,
electronics channels

The radiometer subsystems and their interrelationships are as shown in the
block diagram of Figure 17. All elements inside the dotted line denoted
"thermal control shroud" are at the radiometer operating temperature of

200°K.,

The approach to primary calibration is shown in Figure 18 and has the
following features:

Calibration sources: One fixed radiance, fixed temperature - Hg
freezing point
One adjustable temperature
One fixed temperature (Sn freezing point),
adjustable radiance
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° Spectral calibration: Sn freezing point (NBS) source and mono-
chromator

Thermal control is required to accurately position and vary the radiometer
temperature and to maintain the source surroundings and optical elements
near liquid nitrogen temperatures to avoid errors due to their emission,

Performance Summary

Sensitivity. -~ from equation (4):

NER = 4 f/no. VAf

n D DC L IRVIARe!

f/no. = 1,0
Of = 1600 Hz
D - 1 x 10t em-wz VEw
D = 40 cm
c
VAQ = 0,4 mr
o} = product of 0.98 = primary mirror refl,
0,98 = secondary mirror refl,
0.80 = obscuration
0.92 = optics transfer function
0.9 = lens transmission
0,6 = spectral filter transmission
0.5 = chopper transmission
0.7 = electronic transfer function and NF effect
combined
6 = 0,13
NER = 0.0024 W/m?-sr
Measurement Accuracy. -- The expected absolute radiometric measure-

ment accuracy is as tabulated in Table 6. Although the noise bias and drift
scale errors slightly exceed specification, they are more than compensated
by the degree to which the other types of errors and below their specified
value. As was noted before, these errors are, to a degree, tradeable

against one another,
Some of the error sources should be further clarified:
° primary optics: Scale is primarily non-uniform reflectivity

variation, bias is stray light
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' TABLE 6, - ABSOLUTE RADIOMETRIC MEASUREMENT ACCURACY
Error type:
Magnitude noise (n),
l . drift (d),
Error source Scale, % Bias, W/m"”-sr cal, (c)
I 1, Primary calibration 0.5 0. 0006 c
. . . 0.4 d
2, In-flight calibration < 0.0001 d
i I . . 0,2 d
3. Primary optics 0.0015 n
0.1
4, Chopper N. A, d,n
' 5, Spectral filter << 0,1 N, A, d
(a)
! 0.1 d
l 6. Detector / cooler 0. 0015 d
7. Detector bias <<0,1 d
. ' ' 0.0003 n
8. Signal conditioning 0.1 n
electronics 0.0015 n
I 9, System transfer <0,1 d
function 0.003 n
' 10, Sensitivity‘ N.A. 0,003 n
' Linear sum: Noise 0.2 (0,14) 0,012 (0, 006)
(rss)
Drift 0.8 (0,5) 0, 0015 (0,0015)
1 . Cal. 0.5 (0,5) 0, 0006 (0, 0006)
| l aAgainst an idealized source, i.e., taking into accoqnt on.ly inst?urr.]gnt errors,
as opposed to validity of assumptions about interaction with variability in spectral
l content of the horizon radiance.
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° chopper: Synchronization and amplitude variations
° detector/cooler: Temperature versus responsivity affects

Spectral Calibration, -- The spectral calibration will be performed at
the radiometer system level using the 500°K (NBS) tin freezing point black
body and a monochromator, Between the 10% points of the system spectral
band, the relative response will be measured with a spectral resolution of
0.02p (1/100 of the total band) and a relative accuracy of <5% per wavelength
increment. To achieve the necessary signal-to-noise requires a special
purpose integrating amplifier with about a 10 Hz bandwidth.

The out-of-band resolution will be degraded proportionately to the filter
attenuation to maintain relatively constant signal-to-noise level at which the
system would be rejected for insufficient out-of -band suppression,

Operating Temperature, -- As performance of long wavelength radio-
meters has been traditionally limited by their internal self-em ission, and
since the requirements upon the HDS radiometer are very much more strin-
gent than those of any of its predecessors, a decision was made early in the
design study to make the radiometer operating temperature as low as is
practical. The lowest temperature attainable within spacecraft and orbital
constraints is 200°K with a tolerance (analytical accuracy) of +20°K.

These numbers, however, could be quite conservative owing to the orien-
tation of the study around an objective of an absolute guarantee of feasibility.

Disadvantages of 200°K operation: The disadvantages of operating the
radiometer, and, hence, the entire measurement system at 200°K include
the following:

1. Assembly, Calibration, and Test Complexity - The system may
have to be focused and aligned while at or near 200°K, involving
the use of remote manipulating devices,

2, Temperature Cycling - The equipment will be cycled many times
from 200°K to 300°K during the time from fabrication to launch,
bringing up the possibility of plastic deformation and irrevocable
loss of alignment and possibly even focus.,

The first disadvantage will not be removed by elevating the temperature to
300°K, The system must be operated, during calibration and most of per-
formance testing, in a vacuum or, at best, a dry, inert atmosphere. Thus,
remote manipulation is still desirable. The only real inconvenience is the
loss of time required to achieve thermal soak, possibly 1-2 days. This
could at most be a factor of two in time required to prepare for the test
measurement sequences (at least 1 day to pump down or flush),

The second disadvantage is more serious and was identified early as a poten-
tial problem area, resulting in a great deal of structural design analysis.
The two preferred structural approaches were both oriented about solving
just this problem.
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Plastic deformation will occur primarily as a result of differential rates of
expansion between structural elements of the measurement system, resulting
in stresses beyond elastic limits, The preferred structural design was to
use only aluminum throughout. The problem then revolves about the differen-
tial rates between the aluminum primary mirror and its coating., Our survey
of vendors having experience with this problem indicate that solution of this
problem is within the current state of the art,

The second approach is to use fused silica or pyrex or the primary mirror
(qualified over the required temperature range) and compensating structures,
A total of at least three different types of materials is involved., The approach
in this case was to perform analyses and design to assure sufficiently small
plastic deformation. Admittedly, the assurance one gets from the analysis is
not as great as with the preferred design, really requiring breadbcarding to
demonstrate capability of meeting the requirement, In terms of a mechanical
engineering problem, there are examples of similar requirements having been
met; however, in terms of this particular application, no similar program
exists that has produced qualified hardware, although several are in early
procurement phases,

The net result of the design study was analytical confirmation of the feasibility
of both design approaches and partial experimental confirmation with respect
to the preferred approach,

Effects on radiometer performance of 300°K operation: The following
performance parameters are affected:

1. Noise-equivalent-radiance (NER): D* and noise produced by
modulated spurious radiation.

2, Calibration, primary and in=-flight.
3. Detector cooler size and weight and/or life.

The detector is not expected to operate in BLIP condition with its environment
(except for spectral filter, which is at the detector temperature) at 200°K,

The BLIP D* is ~ 8 x 10" whereas the expected D* is ~1 x 1011, implying that
the internally generated thermal noise is eight times that produced by back-
ground photon fluctuations. The photon rate is increased by a factor of five

for a temperature change from 200° to 300°K. Thus, noise then increases by

2 2
o+ 0
'——82, or 1. 17 reducing D* to 8. 5x 10 . This is certainly not in itseif a
1 +8

serious effect.

The optics self-emission produces a signal in the range of 20-50 times NER
when at 200°K. This increases to a factor of 100-250 if the optics are at
300°K, This signal is nominally a d-c offset that produces no error as it is
accounted for when the radiometer views space. However, any modulation
of that signal produced by the chopper during each chop will appear as noise,
At 200°K the worst case implies a maximum allowable modulation less than
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2 percent which reduces to 0,5 percent at 300°K, Sources of this kind of
noise are emissivity and temperature gradients, particularly at the chopper
and field stop since these are imaged onto the detector (although somewhat
scrambled by the recollector lens), The factor of five makes a somewhat
difficult but achievable (demonstrably, from extant data) allowable emissivity
gradient into a requirement that requires demonstration specifically for this
program to assure feasibility.

The effect on primary calibration is to increase the back-radiation reflection
from the diffuser, raising the offset level to 14 x NER, This is not particu-
larly troublesome, In-flight calibration presents a more serious problem.
The shutter (or aperture plate, if no shutter were used) is effectively part of
the source, in that the signal from its emission varies with calibration level,
For 200°K optics, this signal is 1/10 that from the source and, hence, its
temperature must be known to 1/10 as good accuracy or +0,5°, For 300°K
optics, this value reduces to £0.1°, and the number of shutter temperature
increments for which ground calibration is performed increases by a factor
of five,

The cooler, if its outer shell temperature becomes 300°K, increases in size
and weight by a factor of approximately five, The design would have to be
re-optimized, perhaps using a different secondary coolant such as ethylene,
and a lower weight and size penalty could result, The cooler design pro-
ceeded conservatively, also; hence the absolute magnitude of the affect may
be deduced. To establish feasibility now, however, the factor of five will
have to be assumed, resulting in a weight penalty of approximately 100
pounds. It is not desirable to run the cooler at 200°K and the optical system
to which it is rigidly mounted at 300°K considering the optical alignment
problems and other effects of large thermal gradients.

Conclusions: From the foregoing considerations, feasibility cannot be
demonstrated at 300°K; conversely, it cannot be demonstrated to be imposs-
ible at 300°K. However, as the purpose of this study is prove feasibility, the
temperature has been set as low as spacecraft constraints permit, 200°K.

The ultimate decision tests upon results of further work in the following areas:

° Detailed structural design and worst case thermal analysis,

° Development and test of samples of low, uniform emissivity
surfaces, particularly for the chopper and field stop.

° Further design of the inflight calibration system, optimized with
operation at 300°K in mind.

. Cooler breadboarding to evaluate the degree of conservation in
the design,

The problems associated with internal optical emission are sufficiently great
that should the structural design continue to appear satisfactory after the above
mentioned effort, it is strongly recommended that the operating temperature
of the radiometer be as low as is practically obtainable from the point of view
of spacecraft thermal control considerations.
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Interface Characteristics

The radiometer will employ two redundant signal channels, each consisting
of a chopper, detector, detector bias supply, preamplifier, and amplifier.
Redundant calibration sources and power supplies will be capable of func-
tioning with either signal channel. At notime will more than one calibration
source or chopper be in operation. Whether or not power is supplied
simultaneously to both signal channels, exclusive of one of the choppers,
depends on reliability and thermal tradeoffs and has not yet been determined.
Pending that decision, however, and to assure a sufficient power allowance,
it has been assumed that power is applied to both channels at the same time.

Prelaunch, -- The radiometer must at all times be maintained in a dust-
free, low humidity environment. The cooler may be charged at any convenient
time prior to launch but, after charging, must be continuously supplied with
refrigerant (typically liquid helium) until a maximum of seven days prior to
launch.

The radiometer may be maintained at local ambient temperature provided it is
never directly illuminated by sunlight.

To purge the system of COZ’ it should be flushed for several hours with a dry

inert gas (nitrogen or argon) and maintained at a positive pressure of that gas
through launch.

On- orbit. -- After launch, the system may take as much as 7 to 14 days to
reach thermal equilibrium,

The data taking sequence will be as illustrated in Figure 19. The radiometer
shall be designed such that profiles may be taken in an earth-to-space mode as
well as space-to-earth.

Weight and balance. -- The radiometer weight estimate is 294 pounds. The
c.g. is located one inch toward the primary mirror along the optical axis from
the intersection of that axis with the spin axis. The cooler is, of course,
located such that its axis of symmetry coincides with the spin axis.

The calibration system contains three moving components generating angular
impulses during each calibration period (not simultaneously, however).

Each motion reverses itself during the period. Estimates for these are as
follows:

1. Forward - 0.0018 in-lb-sec
Backward - 0.0165

2. Forward and back - 0.063

3. Forward and back - 0.0072

47



N N

60 milliseconds

ﬁ

T ) T 1
-30km +80km +160km +26° +26° +160km +80km -30km

Earth-to-space profile

Take 10 samples over this interval
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Take 10 samples, each averaged
over 60 msec

Calibration - record average at each level, including the@space measurement at beginning and end: record when
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@ Space-to-earth profile
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Figure 19. Data Taking Sequence
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Power. -- The estimate for the radiometer power, including power con-
version and regulation for each item, consumption is:

Detector bias - 0.4 watt
Preamplifier, amplifier and synchronous

demodulator - 1.2 watts
Chopper - 0.4 watt
Calibration source - 1.0 watt
Monitors - 4.0 watts

7.0 watts, continuous

Calibration system programmer, drivers - 3.0 watts, short-term
transient
Thermal interface. -- The following constraints are necessary for the

radiometer to perform as required:

° Points at which the radiometer is directly conductively coupled
must be maintained at a temperature of less than 195°K.

® Direct sunlight shall never be permitted to fall on the entrance
aperture.

° Any surface which has a finite projection onto the entrance
aperture shall be maintained at a temperature of less than 200°K.

Magnetic, -- The only source of a significant magnetic field from the
radiometer is the chopper driver which is estimated to generate a field
strength between one and ten milligauss one inch from its housing.

Data interface. -- The radiometric data appearing at the output of either
of the two redundant signal channels will be analog and have the following
characteristics:

Bandwidth - 1600 Hz

Voltage range - 2 millivolts - 5 volts
Responsivity - Nominally 0. 6 volt/W/m2-SI‘
Output impedance - 10 killohms

Anticipated monitoring requirements are:
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Mounting pad temperature
Primary mirror temperature
Relay lens temperature
Telescope temperatures
Cooler temperatures
Detector temperature

Field stop temperature
Power supply voltage

Power supply current

(3)
(4)
(1)
(8)
(4)
(2)
(2)
(2,

(2,

only one at a time)

only one at a time)

(All of the above may be recorded very infrequently - e.g., 2-4
times /orbit or only when a nominal range has been exceeded; also,
3-bit resolution should be adequate.)

Calibration level

Calibration source current

Calibration source voltage

(2,

(4.'

(4,

Calibration source temperature

Detector bias current

Detector bias voltage

Chopper frequency

Ground commands. --

1) On-off power

2) Initiate calibration

(4,
(2}
(2,

(2,

one at a time) - assumed recorded as
a part of cal sequence

two at a time)
- read once for each cal-
two at a time)\ ibration cycle; 50-100
part resolution

two at a timea

read once for each
recorded profile; 10-20
' levels

one at a time)}

one at a time)

one at a time) - read once/orbit

3) Switch to redundant system (3 command lines)




DETECTOR

The largest single contributor to the capability of the radiometer in meeting
its sensitivity (NER) requirement is the detector detectivity. Obtaining a

high detectivity, however, generally results in cooling and other requirements
that, while maximizing detector performance, may compromise system per-
formance. The major tradeoff in this area is, then, to obtain a combination
of sufficiently high detectivity without jeopardizing system feasibility.

Requirements

The specific requi rements upon the detector are:

Spectral interval: 14,0 to 16.28p

Detectivity (D*15H g1 2 1x 10*! em-Hz l/“Z/W, design goal

> 2x 1010 cm—HzUz/W, absolute
minimum

Frequency interval: 5000 + 1600 Hz

Size: 80 x 320 microns

Number: 2, separated by 320 microns in the
direction of the largest detector
dimension.

Optics f/number: £f/1.0, effective

In addition, the following qualitative factors shall be observed:

Maximization of responsivity

Minimization of cooling requirements in terms of both
temperature and bias power heat load

Minimization of responsivity variations as a function of
operating temperature and input radiation levels
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State-of-the-Art Detectors

The possible choices of detectors for the radiometer within the current state
of the art are:

a) Bolometers
b) Cadmium-doped germanium

c) Copper-doped germanium

Mercury- and gold-doped germanium are not satisfactory because their
detectivity in the 15-micron band is insufficient, and the standard mercury
cadmium telluride (Hg:Cd:Te) does not qualify because it also has a cutoff at
approximately 13 microns. Bolometers are unstable in operating character-
istics and are orders of magnitude less sensitive than the minimum required.
The cooling requirements for copper-doped germanium make it a qualified
but marginal choice by virtue of its extremely low temperature requirements.
Its operating characteristics are extremely sensitive to the variation in the
coolant temperature from 14° to 16° Kelvin.

A detector possibility not listed above is a composition-modified Hg:Cd:Te
detector with the ratio of mercury to cadmium adjusted to extend the long
wavelength cutoff to 16 microns. This detector, while representing a major
advance toward meeting all the HDS radiometer requirements at the least
penalty in terms of cooling, is essentially a research detector at this time and
cannot be recommended as the prime approach for the radiometer. However,
it will be included in some parts of the discussion to show the impact of this
different type of detector upon the design.

Cadmium-doped germanium has been chosen as the prime detector approach
and the detailed analysis necessary to apply this detector has been performed.
Subsequent sections of the report discuss the details of the analysis.

Cadmium-Doped Germium Detector

BLIP performance -- The theoretical maximum performance at 15 microns

for any infrared photoconductor is a function of the photon flux density from the
background and is given by ‘

A

D T —————
BLIP 2 he le/2

cm—Hzl/zlwatt (5)

/2

tion in the photon flux density. The factor of 2 is related to the details of the
g-r noise spectrum which for a photoconductor is due to fluctuations in both
the number of carriers and their lifetime. Equation (5) has been evaluated in
terms of input quantum irradiance to the detector from the optics for IQ =

where hc/\ is the energy of the 15-micron quanta, and le is the fluctua-

e (Q/T) Qb and f/1 optics. This relationship is shown in Figure 20.
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If the spectral coverage of the detector is limited by a cooled narrow spectral-
band filter and a cooled aperture, the theoretical maximum detectivity is in-
creased because it is proportional to the reciprocal of the square root of the
photon flux density, and extremely high detectivities can be predicted (as
shown in Figure 21). In practice, however, the low-energy acceptor impuri-
ties in the germanium (e. g., copper, zinc, and stoichiometric defects or
germanium vacancies which are always present in the detectors) limit the
ultimately achievable detectivity under conditions of very narrow spectral,
cold filtering and aperturing. Residual impurities may be viewed as ar
"equivalent internal optical bias' and treated as background irradiance.
Attempts at reduction of the external irradiance from the background, such as
by cooling the optics, below the internal optical bias irradiance will not im-
prove the detectivity. In the HDS radiometer, the effective internal optical
bias due to residual impurities in the cadmium - doped germanium sets the
limits of the wavelength band of the spectral filter and the required
temperature of the optics. The optics are the major source of background
irradiance. In general, if the optics are at a temperature lower than the
temperature at which their quantum irradiance in the 14-to 16-micron band is
equal to that of the equivalent optical bias within the detector, the operating
characteristics of the detector become decoupled from their dependence on
optics temperature. The input irradiance from the optics as a function of
emissivity and temperature has been evaluated and is shown in Figure 22.

Detector equivalent internal optical bias. -- The thermally generated dark
current in cadmium-doped germanium 1s due to thermal ionization of the cad-
mium atoms and impurities such as copper, zinc, and stoichiometric defects.
If the dark current concentration is known, the equivalent internal optical bias
may be determined as the equivalent input irradiance from the background
that generates about 1/10th the concentration of carriers, i.e.,

IQnTAD = NTH (v/10)
or ~
_ NTH (V/AD)
IQ =
10N

where the ratio V/A [, is the absorption depth for a ""bare'' element or the

ratio of the detector volume to the entrance aperture area for a detector
within an integrating chamber.

For a bare Ge:Cd detector element, the following are reasonable estimates:

V/A

D 0.2 cm,

n 0.9,

and thus,
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T = 1077 sec,

IQ = 4x10° NTH quanta/cmz—sec

For a Ge:Cd detector within an integration chamber, substituting

3

V =0,008 cm™,
Ay =(8x 1073 em) (3.2 x 1072 em) = 2.56 x 10”2 cm2,
M =0.5, and
T = 1077 sec
then
I, = 6.25x10°N quanta/cm2—sec (6)
Q : TH

Comparing these two cases, the minimum equivalent internal optical bias
irradiance occurs for a bare detector element. The high equivalent internal
optical bias irradiance is essentially the major problem in the use of inte-
grating chambers with doped-germanium detectors. However, using the
integration-chamber approach for a "worst-case estimate', the thermally

generated carrier concentration for Ge:Cd for an electronic model has been
evaluated using

2 my + K Tp) /% [N, - N,
Ny = N, * 5 — N exp (- AEcm/KTD) (7)
h D
with
Neg = 1016 a’coms/cm3
o all 3 L .
Nponor = 10 atoms/cm® (due primarily to arsenic leached

out of the glassware)
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N, =10 atoms/cm3

Cu

N, e, = 107 10 107 atorns/cm3 (low ionization energy
i, ete. residual impurities)

Equation (7) substituted in (6) determines Figure 23 which shows the rela-
tionship between the equivalent internal optical bias irradiance as a function
of the Ge:Cd detector operating temperature and concentration of carriers
due to low ionization energy residual impurities. Over the temperature
range from 10 to 14°K, the level of equivalent irradiance is determined by
the residual, low-energy impurities. Above the 20°K this level is set by the
concentration of copper impurities, and (not shown in Figure 23) the level
of the BLIP temperature for ordinary Ge:Cd, is set by ionization of the
cadmium atoms above approximately 25°K. (Note: The parallel, residual
impurity concentration curves of Figure 23 are equivalent to the residual
carrier concentrations at low temperature determined by measuring the Hall
effect. In the case of the Hall effect measurements, log (1/q RH), which is

proportional to NT’ is plotted against 1/T not T as in this figure. The 1/T

plot allows the determination of the ionization energy from the slope. )

A reasonable level of carriers due to residual low energy impurities is cer-
certainly on the order of 107 carriers/cmB. Using this value the irradiance

of the equivalent internal optical bias is approximately 6 x 1015 quanta/sec-
cm2, and the maximum detectivity at 15 microns is greater than 1011 cm-
HZI/Z/W. From Figure 22 the temperature of the optics,at which the equiva-
lent internal optical bias irradiance is approximately equal to the optics
irradiance,is approximately 275°K for an emissivity of 0. 10. The emissivity
required here is the effective emissivity due to all the emitting and reflecting
optical elements within the field of view of the detector. An effective emis-
sivity in the range of 0. 05 to 0. 10 appears to be reasonable. The optics
should be maintained at a nominal 200°K to render essentially insignificant in-
fluence on the detectivity of the Ge:Cd detector. At this temperature, the
effect is less than 10 percent.

Detector responsive properties. -- The anticipated responsive proper-
ties of the cadmium-doped germanium detectors of the HDS radiometer are:

1. D* (154, 1000, 1, f/1, 14 to 16p) 21 x 1011 cm—Hzllz/W
2. Spectral response without cold filter and with cold filter as
shown in Figures 24 and 25 respectively.

4

3. Responsivity = 10~ to 10° volts/watt

4., Resistance < 106 ohms,
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D* 6, 1000, 1, f/1), cm-Hz /2

10'2 4
Cadmium-doped
germanium with filter
1011 i
Metcury cadmium telluride
with filter
1
10 04
10° : ' |
13 14 15 16

Wavelength, microns

Figure 25, Typical Spectral Detectivity for Ge:Cd and
Hg:Cd:Te with Cold Filters
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5. Bias current range = 10 to 50 microamperes.

6. Detector time constant < 1 microsecond.

7. Operating temperature =z 20°.

8. DBias power dissipation = 2,5 x 10_3 watt/element

9. 1/f noise g-r noise crossover frequency = 100 to 200 Hz
10. Detector noise ~ 20 x Johnson noise.
11. Noise power spectrum as follows:

a. 1/f noise to approximately 200 Hz
b. g-r noise limited from 200 Hz to about 1.5 MHz

c. 6 dB/octave high frequency roll off with a half-
power point at 1. 5 MHz

12. Noise bandwidth effects - The use of the usual AF to
estimate the effects of the electrical bandwidth on signal
to noise will over estimate integrated noise because the
g-r noise has a gradual drop-off in magnitude at high fre-
quencies as contrasted with the usual flat noise spectrum,

Detector Transfer Function

Typical transfer function diagrams of the HDS radiometer are shown in
Figures 26 and 27. The source of infrared radiance in the 14- to 16-micron
band is either the earth's infrared horizon or a calibration standard with
suitable attenuators to cover the range of irradiance values to be encoun-
tered in the use of the equipment. The optical system receives the radiance
from the source and is then modulated.

The modulated irradiance from the in-flight calibration source or the infra-
red horizon is focused on the detector through a cooled infrared window,
infrared filter, and defining aperture as shown in Figure 27. All objects
within the optical path of the detector must be cooled to avoid noise from
their infrared emission. Objects behind the modulator, which is usually a
chopper with an equal number of open and opaque sectors, need not be
cooled as much as the chopper blade and objects in the optical path in front
of the chopper. The detector absorbs the irradiance and generates an out-
put voltage in proportion to the input irradiance. To operate the detector at
its maximum detectivity requires a source of low temperature, supplied by
the solid-cryogen cooler, and a source of bias current, shown as originating
in the detector bias supply. Both the bias current and temperature should
be essentially constant over the calibration/ measurement cycling time. The
output of the detector consists of a time-varying voltage which is the input
for the radiometer electronics.
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The transfer function for the detector is related to the detector responsi-
tivity by

K = Vo (t) = (T.) (T.) (T) R volts
H. (t) ~ W'ty A’ 'H 2
i watt/cm

where the factor RH is the detector irradiance responsitivity. Interms

of detector parameters the detector irradiance responsivity is given by

R _LBp Ny (wt) + Ny + Ny , 1
H ™ H® N wrm) Ny N (2 2172

where:
IO is the bias current;
RD is the detector resistance when obscured by the coppper blade;
Hi (t) is the instantaneous irradiance from the horizon;

and

NH’ NM’ NC’ and NT are the density of carriers generated in the
detector by the horizon irradiance, mirror irradiance, chopper
irradiance, and detector internal thermal processes.

Since the chopper modulates the irradiance from the horizon and is itself a
source of modulated irradiance these terms have a time dependence, the
emission from the chopper is, however, 180° out of phase with the signal of
the horizon.

For an input signal of H, (t) with w ¢ < < 1, detector output voltage is given
by

Ny f (wt)

v 0 -1 R 1+ NM+NT
out'”’ ~ "o D ch(wt+rr)

+
Nyt Ny

volts

The total density of current carriers generated in the detector by each of
the mechanisms is given in the following paragraphs on (infrared horizon
and mirror irradance).
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Infrared horizon., --

D

by
Ny () = Wy @) (h‘c‘)

where the average photon energy from the horizon is

16  _
A
— f hc WH d A
AL 14
he 16
[ WH d X\
14
and
WH = horizon radiance in watts/cmz-sr
o = instantaneous FOV of the detector in sr
T0 = transmission of the optics
Aoptics = entrance pupil area of the optics
AD = detector area
n = detector conversion efficiency, carriers/photon
T ’ = carrier lifetime
d = detector thickness
f = modulation waveform
Mirror irradiance. -- For large f number opticsa

aAppendix A contains a more rigorous calculation of the effect of obliguity
of the mirror edge which shows that the use of 1/f (f/no. )2 slightly over-

estimates the mirror irradiance for small f/ro. optics.
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T —A—u (nt/d) f(wt) carriers/cm

» the quantum irra-
diance at the detector for a single mirror surface is given by




ep Brgoqg) x
He 5 v &
(f/no.) ¢
where:
€M = mirror quantum emissivity
A14-16 = fraction of the mirror irradiance contained in the
14- to 16-p band
WM = radiance for a blackbody at TM’ the mirror temp-

erature
and the other parameters have the definitions given above.

The current carrier density generated in the detector is

NM = HQ 1 r/d, carriers/cm3

Chopper irradiance. -- Similar to the calculation for the mirror irra-
diance, the density of the carriers generated in the detector by the chopper
is

T € (A ) W ~
N =9 ¢ 1416 ¢ . _¢ nT/df (wt at =), carriers/cm3
c 2 he
4 (f/no.)
where:

To = optics transmission
€. = chopper quantum emissivity
WC = radiance from a blackbody at the chopper temperature, Tc'
Thermal generation of carriers in the detector. -- The density of ther-

mally generated carriers is a complicated function of detector temperature

and the physical properties of the semiconductor. For a simple, spherical-
band semiconductor which is a good approximation for cadmium-doped ger-

manium, the density of thermally generated carriers is given by the usual

23/2 Np - Np . 3
N, = (20 m_ KT/h") —————= exp (- A E/KT), carriers/cm
T v ND
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At the operating temperature available with a solid-hydrogen cryogenic
cooler, it can be shown that the thermal generation term is small compared
with the mirror generation time. Therefore, the output voltage takes the
form

NHf(t)
1+ Nm
No f(wt+ntg)

Ny

Voout (t) = (IO RD)

where g is a phase error introduced in the detector by lifetime fluctuation
since

-~ |1
Ny = (10) Nm

due to the limits of optics temperature available, the output voltage may be
expanded as

NHf(wt) ch(wt+n+¢) N,, N

H c
V . ({t)=1_ R 1+ - - g (g) + ..
out o D NM NM N 2
M
NH Nc
The quadratic term (I0 RD) 5 8 (¢) is essentially a phase-error term,
M

If the chopper irradiance can be made small with respect to either the hori-
zon or mirror irradiance, the third and fourth term of the expansion may be

neglected, and the output voltage is linear with respect to input irradiance,
i.e.,

Ny f (wt)
Vou’c = Io RD 1+ NM

The first term is a dc-offset term which usually is removed by the electrical
circuit; the second term is the linear term described above, i. e.

NH
Vou1: = Io RD m f(t)
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or

v = I Bp By

out 2
epBy4.16 W/ 4 (f/no.)

since

T (A

i H %o OptiCS/A)

D

Therefore, the detector transfer function under the assumptions discussed
above is

Tw; T~ T, I R
K = W F Ao D 5 volts/watt/cm2

en 214-18 WM/ 4 (f/no.)

Detector Mechanical Parameters

The mechanical design of the cadmium-doped germanium detector assembly
must have good thermal conductivity and low thermal mass. Two design
approaches, dual integration chambers and dual elements, are being con-
sidered for the radiometer. In the integration chamber approach the cad-
mium-doped germanium detector elements are in the form of cubes, 2 mm
on a side. These are attached to copper screws which are inserted into inte-
gration chambers as shown in Figure 28. The access wire for each element
is brought out of the integration chamber by a hollow insulated feedthrough.
The integration chamber consists of cylindrical cavity of machined copper.
The cavity is highly polished and is coated with gold. The radiation to be de-
tected is incident on a rectangular aperture which attaches at the top of the
integration chamber sealing it "light-tight'. The area of the aperture de-
fines the effective sensitive area (80 microns x 320 microns) of the detector
in the integration-chamber approach,

The alternate approach to the integration chamber is shown in Figure 29,
This approach uses discrete cadmium-doped germanium detector elements
with the frontal area of the elements being the sensitive area of the detector.
Electrical contact to the detector element is along the long sides as shown
in Figure 30. The detector element is approximately 2 mm deep with the

bottom shaped to allow total internal reflection of radiation within the detector

element. The detector elements will be made and tested individually and
positioned in a frame with Mylar-film insulators as shown in Figure 29.

Figure 31 illustrates another possible mechanical configuration which is a
typical design for mercury-cadmium telluride detector elements. This
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Effective sensitive area
{(80ux 3201

Highly reflecting
integration chamber

______

Access electrodes

Detector element
mounting screw

Figure 28. Sketch of Integration Chamber Configuration
for Cadmium-Doped Germanium




0.005 inch Mylar insulator

Kovar backup

Typical Ge:Cd mounting plates (6)

detector,
80u x 320 x 2mm
thick

Access electrodes

Figure 29. Sketch of Cadmium-Doped Germanium Discrete
Detector Element Assembly
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Ge: Cd sensitive area

Absorbtion depth 2mm

60 bevel
for total internal reflection

Access electrode

Figure 30. Sketch of Cadmium-Doped Germanium Detector Element




Typical Hg:Cd: Te
detector,

80ux 320ux 10u
thick

Kovar alloy
mounting plate

electrodes

Germanium
substrate

Figure 3L Sketch of Hg:Cd:Te Detector Element Assembly
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design is of great simplicity. Thicknesses of the Hg:Cd: Te detector ele-
ments range from 10 to 20 microns; these elements can be handled as thin-
film detectors attached to a backing substrate (germanium). The access
wires are micro-welded to small metal films which define the length of the
detector element sensitive area. The width of the detector sensitive area
is defined by the mechanical width of the Hg:Cd:Te.

Each of these design approaches is capable of achieving detector elements
of 80u x 320u in sensitive area, which is the requirement for the HDS radio-
meter.

Quantum Efficiency of Detector Mounts

The efficiency for the integration chamber for the cadmium-doped germanium
detector shown in Figure 32 is given by (ref. 1)

2 NC AV
n = d cs
AA+AL+AW(1-r)+ 2NCdAcsV
where:
Acs = absorption cross section of a cadmium atom in
germanium, cm
NCd = concentration of cadmium atoms in the detector, cm'3
v = volume of the detector element, cm3
A = integration chamber entrance aperture area, cm2
AL = total area of extraneous radiation loss within the )
integration chamber such as feed-throughs and mechanical
joints, cm2
AW = wall area, cm
r = wall reflectance

The factor of two is related to the geometric fact that cadmium absorption
centers receive radiation from 4n steradians while the other absorbers re-
ceive radiation from only 2m steradians.

For the case being considered here of a BLIP detector, there is no "optimum

volume'" as derived in reference 1. The best volume for the Ge:Cd element
is the largest volume consistent with the mechanical design constraints.
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Figure 32. Sketch of Typical Integration Chamber for Cadmium-
Doped Germanium Detector
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Substituting the following typical parameters for cadmium-doped germanium:

A = 10_16 cm2
CS
_ 15 -3
NCd_ 5x10 cm
vV = 0,027 cm®
_ -4 2
AA = 2,56 x10 cm
A = 10AA=2.56x10_3 cm2
_ 2
AW = 1 cm
r = 0,98

The cross section for losses out the integration-chamber aperture and ex-

traneous losses is 2. 83 x 10-3 cm2. The useful absorption cross section

is 27.0 x 10'3 cm2, and the effective cross section for wall losses is 20 x

10-3 cmz. The integration chamber efficiency is, therefore,

-3
n=27.0xlO = 0,54

49.8 x 1073

For the self-integrating design shown in Figure 33, the following geometric
relationship for angles shown in Figure 34 are easily derived.

The conditions for total internal reflection are:

1

sin GM = Wno GM = 0,525 radian
sin @ = (ny/n,) sin 6y, 6 = 0.130 radian
sin OC = n1/n2 0 = 0. 255 radian
9, = (2B+6 -n/2) ¢, = 0.400

8, = (28 -6 -1/2) 9, = 0.660

@, = (n/2-B8-6) @, = 0. 924

@y = (n/2 -B+8) a, = 1.185
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Figure 33.

Details of Bottom Facets of Self-Integrating Cadmium-
Doped Germanium Detector
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Figure 34.

Typical Angular Relationships for TIR in Self-Integrating
Ge:Cd Detector Element




Since
n1 =1,
n2 = 4,

B =1/6 = 0.525 radian, and

f/no. =1,

the most stringent condition for the inequalities is easily seen to be
6,2 0,

which yields Bmax = 0. 598 radian or 34.2°. If 3 were greater than Bma

(due to surface irregularities), the condition for total internal reflection
would be lost. A good engineering compromise value is 8 = 30°. From the
geometry shown in Figure 34 for a detector element of geometric depth d,
the effective depth de may be shown to be

X,

de = d [cos@ " sin¢1+sin¢2]

where it is assumed that all angles between q51 and ¢, are equally probable.

Therefore,
de
s
Since
cos 6 = 0,9916
sin ¢1 = 0. 3894

sin ¢2 = 0.6131

For g = 30°, the effective length is, therefore, about 6 times the geometric
length.
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It can be shown (ref. 2) that the net absorption or quantum gfficiency for the
self-integrating Ge:Cd detector element is given by (assuming every quanta
absorbed results in an electron-hole pair):

9 -2'a/de
(1-R)“ e

-2ad
1-R e €

n=(1-R)

where the reflectivity at the bottom is 1 and the reflectivity at the top sur-
face is 12,

Since de = 6 d, therefore,

9 -12 ad
(1-R)“ e

1-R e—12 ad

n = (1-R)

or

(1-R) (1 - e 12 @ d)

ns=
1-R e-12 ad

This equation has been evaluated as a function of R, ¢ and, d and is tabu-
lated below,

The quantum efficiency of the detector for t = 4 mm and 8 mm is plotted

in Figure 35. For an absorptivity of 0.5 cm_1 which is a reasonable assump-
tion (ref. 1), the quantum efficiency is about 0. 89 for an anti-reflection
coated detector for either thickness. For an uncoated detector the quantum
efficiency for either thickness is about 0.59. It is important, therefore, to
anti-reflection coat the front side of the detector element to achieve a high
quantum efficiency with the self-integrating Ge:Cd detector.

The following quantum efficiencies are estimated for the Ge:Cd detector con-
figurations being considered for HDS radiometer:

Integration chamber n = 0.54
Uncoated SIC N = 0.59
Anti-reflection coated SIC N = 0.89
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Ratio of Ge:Cd Detector g-r Noise to Johnson Noise

The square of the ratio of the open-circuit generation-recombination noise

Ng-r to the Johnson noise Nj for the cadmium-doped germanium detector for

wr<<1 is
2
Vg-r = I 2 1R
V. o KTN
u
where:
21 (afr)l/2
\% = 9 , rms volts
g-r N1/2 (1 +w2 2)1/2
V, = (4KT AtR)Y2 | rms volts
and
IO = bias current, amps,
7 = hole lifetime, seconds,

R = detector resistance, ohms,

K = Boltzman's constant, 1.38 x 10"23 joules/°K,

T = detector temperature, °K, and

N = total number of carriers in the detector element

For a cadmium-doped germanium clement of cross section ACs and length 4

contained within an integration chamber with entrance aperture area AAG’

R =

Nep.,

and the ratio becomes
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2 2 2
Ver| Lo Tt
Vi / N® ep KT
Since
N = Ny * Npga
and
NTH = (NA - ND) ACS 4
Ny
NBKG = P AA nr/}\ Qb (>\1Tb) d\
1
therefore,
(v /V.) = Q
g=r ]

A 2
| [2
E\ITH+ (F n TAA)J)\ Q (A Ty) dx] ep, KT
1

where the optimum bias current Io is a measured physical parameter of the

Ge:Cd material used to make the detector element, and the other factors have
their usual definitions.

For the par'ticulér operating conditions of the Ge:Cd detector in the HDS
radiometer with the detector spectral coverage limited to the 14 to 16 micron
band and a 200°K optics background, it has been shown that

N >> N

TH BKG

and NTH mlO7 carriers/cm3 due to ionization of residual, low-energy im-

purities, Therefore,
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1/2
Ver _ Lo* |« )
Vj NTH ep,+KT
Substituting the following representative values:
=5
IO = 10 " amp
N, =107 carriers/cm3
TH
L = 0.2 cm
T = 10_8 sec
py= 5000 cmzlvolt-sec
T= 15°K
Then, V -r/Vj = 50atl = 1072 amp. Since the ratio is linear with bias

current, the bias current where Vg-r equals Vj is 0.2 x 10-6 amp.

Since the two noise sources are uncorrelated, the total noise as a function of
bias current is

9 1/2
Vo = VJ. [1 +(Vg-rlvj) ]

For a 500 K ohm detector operating at 15°K, the Johnson noise is 2 x 10-8 rms

volts/Hz1/2. Quantitatively, the total noise is essentially Johnson noise be-

low bias currents of 0,2 microampere. Above this value, the total detector
noise is g-r noise,

The cadmium-doped germanium detector may be operated at any bias current
in the range from 2 to 10 microamperes with no significant change in detectiv-
ity. The responsivity, however, is linearly proportional to the bias current
in the same bias current range. The total detector noise will be a factor of
from 10 to 50 times the Johnson noise of the detector in the same bias current
range.

ELECTRONICS

Primary functions performed by the radiometer electronics are to provide bias
power to the photoconductive infrared detector and to condition the resultant
output signals in a form suitable for sampling, quantizing, and storage. These
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functions and their interrelationships are depicted in the block diagram of
Figure 36. Incoming, modulated radiation varies the resistance of the de-
tector which, as a result of the bias power and load resistor, is presented to
the preamplifier as a voltage signal variation, which is ac coupled to the de-
tector. Power gain of the preamplifier provides a low source impedance to
the high-gain filter amplifier. The demodulator removes the carrier fre-
quency and provides bandpass filtering to limit the output signal frequencies
to the desired information bandwidth. Radiometer output to the data-handling
subsystem of the spacecraft is then, the unmodulated, low frequency coupled
horizon profile signal waveform, A tradeoff exists here as to whether the
highest accuracy results from performing demodulation on the ground or
within the radiometer as is assumed here. Feasibility of the radiometer and
data-handling subsystems is not critical with respect to the outcome of this
tradeoff, however; therefore, for the purpose of the feasibility design study,
demodulation has been included in the radiometer design with which it is
directly and functionally associated,

The specific requirements and constraints upon the radiometer electronics
are as follows:

e Noise =~ Electronics noise from all socurces shall be minimized
such that the rms noise voltage at the radiometer output is no
more than 10 percent greater than detector noise alone in the
same bandwidth and at the same gain,

e Transfer function -- The post-detection (after demodulation)
bandwidth is from 0,1 to 1600 Hz (-3 dB points) and shall be
-20 dB at 2500 Hz. Phase shift shall be less than 1/4 that of
an ideal first-order low-pass filter from 1 to 200 Hz or about

233 radians/Hz/km. The 0.1 Hz corresponds to 1074 cycle/km and

maintains low frequency droop to less than 1 percent from beginning
to end of a profile.

° Dynamic range -- 22100: 1 minimum; 3000: 1 design goal
° Detector impedance -- = 500 K ohm.

° Drift -- 0.1 percent of signal level or 1/3 noise level, which-
ever is greater over any 10-second period.

The detector bias, preamplifier, and demodulator networks will require
feasibility demonstrations with respect to the noise requirement and the imp-
lications of the approach to achieve it,

Input

The detector output, including its noise, must be essentially reproduced at
the radiometer output. The detector Johnson noise is approximately

2 x 10'-8 volts-Hz-'l/2 which, in the required bandwidth, is an rms voltage
level of about 0.8 pV., The actual detector noise is g-r noise, however, which
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is bias dependent and can be raised to as much as 40 times Johnson noise.
In determining the operating level, a tradeoff must be made. At a high bias
level, the heat load due to bias power dissipated by the detector is placed
upon the detector cooler. This must be weighed against the strain placed
upon bias-supply regulation and noise rejection as well as the preamplifier
and amplifier noise figures at a low bias level, A level of 20 times Johnson
noise (about 16 pV) has been selected as placing a sufficiently small load
(less than 2, 5 milliwatts) on the cooler, Note that detectivity is virtually
constant over the range of from 5 to 40 times Johnson noise.

With the noise level this high, the detector load resistor need not be at the
same temperature as the detector and will, in fact, be integrated into the
preamplifier,

This requires a shielded cable to carry the detector signal to the input of the
preamplifier, A problem is introduced by this signal lead due to vibration
and flexure which changes the capacitance and due to induction of charges on
the dielectric caused by friction with the center conductor or shielding, When
a bias potential exists across the cable insulation, capacitance changes cause
current which flows through the preamplifier input resistor to appear as

noise voltage. This problem is solved by the use of a cable which is treated
with conductive materials between the outside sheaths and the dielectric insu-
lation and, as far as possible, between the center conductor and the dielectric.
These conductive coatings dissipate the charge induced by friction and main-
tain reasonably constant capacitance,

Detector Bias Supply

The detector bias supply is of particular concern because of the low noise
level requirement over the signal frequencies of interest. Bias power is
required due to the current of 10 to 50 microamperes flowing into the 500 K
ohm detector, i.e., 10 to 12 volts across the detector. The bias supply con-
sists of essentially two separate functional circuits; namely, (1) a high-
voltage power supply inverter of reasonably low noise, and (2) a dc regulator
loop with special emphasis on noise rejection, The inverter section consists
of an astable multivibrator driving a bi-stable multivibrator with transformer
output to develop a rectified dc voltage, The inverter frequency is consider-
ably higher than the signal frequencies of interest to preclude ripple terms
directly in the signal bandwidth, Although these ripple terms will contribute
to the overall noise level, they will be relatively easy to filter because of the
high-ripple frequency and the subsequent attenuation in the signal channel.
Inverter ripple will also be lowered by maintaining symmetry in the duty cycle
which results from a single astable trigger reversing the bi-stable state.
Inverter output will be limited by zener and catching diodes to clip the noise
spikes and will be L-C filtered to a noise level of not more than 100 mV in-
cluding ripple terms. The regulator section will be a series-type dc regulator
having constant gain from approximately 1 to 10 kHz and a unity-gain cross-
over of approximately 2 MHz,
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Due to amplifier drift, dc regulation is on the order of +0. 1 percent; this is
more than adequate for the detector supply. Regulation of the noise perturba-
tions, however, is at least -80 dB across the regulator which results in less
than a 10pV rms noise being introduced across the detector and load resistor.
The noise generation of the control amplifier and reference circuit is approxi-
mately 5pV for an equivalent noise bandwidth of 15 kHz for a 3-dB noise figure
control amplifier and network, which amounts to a 10nV rms contribution to
voltage bias. The vector sum of these uncorrelated terms appearing across
the detector is approximately 7pV (~ 15 kHz noise bandwidth).

Stabilizing the loop by means of a linear, second-order, low-pass filter with
a zero near the unity-gain crossover region should pose no particular prob-
lemfor 8 = 0.5 and A = 86 dB; the resulting loop gain is approximately
80 dB. Using the numbers discussed above, the total noise appearing across
the detector due to the bias supply is approximately

; _ Ryy \ﬁVR . 27
noise at detector Rdet + Rs B AB

1x10%

1/2 /200 x 10™*2 = 7.V (15 kHz noise

band)

-6 2 -3 2
5x 10 100 x 10
1/2 5.5 +

Considering the signal channel to be of 6 + 1 kHz bandwidth (or approximately
3 kHz effective noise bandwidth instead of the 15 kHz bandwidth over which
the regulator is operative), the equivalent noise through the signal channel

will be reduced by 7/ 135 li{gzz = 0145 or to approximately 3uV (3 kHz noise
bandwidth), *

The bias power supply block diagram is shown in Figure 37,

Bias Supply Test Results

A bias supply of the type to be used in the radiometer was built and tested,

and the results are described in the following paragraphs. The low~-noise bias
supply consists of a high-frequency inverter (» 20 kHz) with a zener pre-
regulator and a passive ripple filter followed by an active-type regulator with
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further filtering to remove primarily the noise generated in the series con-
trol element, The pre-regulator output is 46 + 1 vdc with a total noise of
2.5 mV rms measured at 12 kHz with a noise equivalent bandwidth of 3 kHz,
With the regulator output set to 30 vde, the noise output measured ~ 54pV at
the same frequency and bandwidth. The inverter was replaced with a 45-volt
battery whose noise was below 1pV in a 3-kHz bandwidth, and the regulator
output measured = 25uV, Therefore, the regulator output has approximately
25pV due primarily to the series control element and approximately 50pV
attributable to the inverter, assuming a correlation factor near zero.

Measurement of dc regulation at higher levels subsequently showed the regu-
lation to be 2 percent for the regulator alone and approximately O. 1 percent
for the inverter, pre-regulator, and regulator. An inverter noise reduction
of 50 times in the regulator agrees with the measured regulation of 2 percent
and, although the comparison amplifier noise is rather small, the series con-
trol element noise requires that an additional filter be incorporated in or
following the regulator. A low-pass filter was attached to the regulator out-
put (2.7 K and 1pF), and the total regulator output noise measured approxi-
mately 250 nV rms at a center frequency of 12 kHz and Af = 3 kHz, Since the
inverter ripple falls outside the signal pass band, this noise should be fairly
uniform, and wave analyzer measurements at various frequencies over the

3 kHz bandwidth show this to be true. Consequently, the bias supply des-
cribed can be adequately represented by a noiseless dc source in series with
a noise generator equivalent to a 20 K ohm thermal noise source (=20 nV/ Hz).

This is equal to the detector nominal Johnson noise level or about 20 times less

than its actual noise level; hence, this bias supply noise should cause neglig-
-ible degradation of performance. Finally, the bias supply was operated in
conjunction with a detector test station, and no perceptible difference could
be discerned with a low-noise battery and the regulated bias supply described
above,

Preamplifier

Selection of the field effect transistor (FET) as a low-noise device is based on
consideration of the two noise components of a transistor; voltage noise and
current noise. The voltage noise component is independent of the source
impedance, but the current noise component is not, When source resistance
is very high, current noise becomes more significant than voltage noise. Im-
portant characteristics of the FET are very low current noise with high input
impedance, Here again, the FET was chosen over the conventional transistor
as the device to match the HDS radiometer detector for optimum noise figure.
Optimum noise figure is a function of the source resistance, and comparison
of the conventional transistor with the FET optimum source resistance shows
the transistor R _(opt) too low for HDS requirements. However, the FET

Rg(opt) requirement is nearly an optimum match.
Optimum noise figure of the FET is also a function of frequency. A typical
case (for the 2N2500 FET) shows Rg(opt) to be approximately 0. 8 megohms

at 3 kHz, and the noise figure is at approximately its lowest value at this
frequency.
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The amplifier input impedance, as shown in Flgure 38, has a value of Z =1O7

ohms to 1.6 kHz and a value of Zln =1,6x 10 /f when above 1.6 kHz,
As seen by the detector, this impedance will be high.

If the 1/f noise break frequency is plotted using three selected points from
typical available FET specifications such that:

1, Point one is well within the 1/f region,
2. Point two is on the "knee', and
3. Point three is well within the plateau region,

then the 1/f noise break frequency is less than 100 Hz which is about half an
order of magnitude lower than most transistors.

Figure 39 was drawn from transistor specification sheet parameters of spot
noise figure (NF') specified at three frequencies. A fourth point is known
where NF is three dB higher than the intersection point of the two asymptotes,

For 1/f noise the source generator resistance is of importance, since at
lower frequencies, Rg(opt) increases. In the FET, the 1/f noise can take the

form of a single noise=-voltage generator in series with the input and e As

frequency is reduced, the total voltage in series with the input increases and
the optimum source resistance also increases to yield the optimum value of
NF. The 1/f noise break frequency of less than 100 Hz is typical for an Rg of

0.5 megohm, which will be approximately the detector impedance. The 1/t
noise breaks in a cadmium-doped germanium detector at approximately 200 Hz,
which again makes the FET an ideal matching device.

In the proposed preamplifier, the FET input stage is followed by two amplifier
stages using conventional trans1stors. The second stage is designed to have

a low current flow to minimize "shot-noise'. Minimization of noise in this
stage is important since nothing can be done to the system to reduce the total
noise factor below that of this second preamplifier stage. Shot noise is given
by the Schottky formula

2 _
IS = 2qINAf

where q is the charge of an electron and I is the dc (noise-producing) col-

lector current.

Shot noise is thus seen to increase with collector current flow, The direct
current flowing through the second stage is only 10 microamperes. The
noise figure of the amplifier is = 0.6 dB,
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For a source resistance R_= 0,5 x 106 ohms and a bandwidth Af = 1,6 x 103

Hz, the noise e, in a 500 K ohm resistor at 200°K is given by

23 1/2

e = (4x1.38x 10723 x 200 x 1.6 x 10° x 0.5 x 10%)

n 2,97 pv

Amplifier noise (eNA) with NF = 0.6 dB is

= Vi10.1 - 8.8 = 1.14uV

eNA

As stated above, the noise from the detector will be 16p volts; hence, the
amplifier will contribute very little to the overall noise voltage.

The amplifier has a voltage gain of 500. The first transistor stage following
the FET preamplifier has a current gain of 20, and the last stage has a cur-
rent gain of 5, The transistor in the drain of the FET is a constant-current
source. Frequency response is essentially flat from a few Hz to 16 kHz.

Demodulator

There are two possible methods of demodulation to obtain the horizon profile
waveform from the modulated (chopped) signal; synchronous, and non-
synchronous demodulation.

Synchronous . -- In this system, the demodulator is driven synchronously
with the chopper so that phase as well as amplitude is recovered. The output
is related to the cosine of the difference in phase angle between reference and
signals. Since it is synchronized to the chopper, the chopper can change rate
without having any appreciable effect on signal output.

Nonsynchronous. -- The nonsynchronous method is accomplished in an
incoherent detection system using a nonlinear device and a diode rectifier
and followed by a low-pass filter. This system would recover the horizon
profile waveform by averaging over several chopper cycles, The incoherence
effectively doubles the required bandwidth, and the nonlinearity near zero has
an attendant signal-to-noise and noise-to-noise heterodyning, both of which
effects result in signal-to-noise losses in this type of system.

Description of recommended method, -- The modulated signal processed
from the detector through the preamplifier and amplifier is the input signal to
the demodulator. The switching circuitry of the demodulator is driven by the
phased, synchronized signal from the chopper. This synchronized switching
of the differential amplifier input results in recovery of the horizon profile
waveform as the output signal.
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Analysis of recommended demodulator, -- The switching system of the
demodulator requires high-quality transistor switching which exhibits suf-
ficiently small "on" voltages and ''off" currents. In the "on" state, transistor
switches exhibit a small voltage source between collector and emitter. This
is commonly known as "offset” voltage VCE (offset) for normal operation and

VEC (offset) for inverted operation. The back bias which turns the device off

creates temperature-dependent leakage currents. These effects produce noise
and nonlinearities in circuits using transistor switches. An estimate cf the
lowest noise power to which the transistor can be reduced is given by the
product of the "on" offset voltage and the "off" leakage current. The optimum
impedance to be seen by the transistor is approximately the "on'' offset vol-
tage divided by the "off'' leakage current,.

Practically, the opposing actions of a pair of transistors are generally re-
quired to obtain high~-quality switching performance. Connecting two transis-
tors back-to-back tends to cancel "on" offset voltage at the expense of doubling
the "on' resistance, which is not serious since load resistance is usually
many orders of magnitude larger. This back-to-back connection can achieve
offset matching below a 50pV difference for matched, single transistors over
a temperature range of -55 to 100°C. A double-emitter transistor which con-
sists of a single base and a single collector sharing two symmetrically placed
emitters can match offset difference below 20uV from =55 to 100°C. The
advantages of this double-emitter transistor over two selected back-to-back
connected transistors are: (1) the proximity of its emitter-base junctions;

and (2) the single, base-collector junction. The first gives greater uniformity
and extremely close thermal tracking. The second improves uniformity and
eliminates external collector-to-collector connections that can add error vol-
tages which are produced by temperature differences and by the flow of base
current through contact resistance., In the "off" state, this double-emitter
transistor, connected as a series switch, looks very nearly like an ideal open
circuit for voltages applied in either direction. However, 'shunt' switching
is utilized, and switching is never required to ""open-circuit'' either the source
or the load, Overshoot, commonly called "spikes'" which occur at the end of
the rise or fall of the input signal, is another switching problem and is
primarily the result of junction capacitance which couples fast change in base
drive voltage into the load. Junction capacitances might be considered the
most important parameters in transistor switching since switching time will
be slow and the spikes large if junction capacitances are large. Good switch-
ing performance is predicted from parameters Cib and Cob which are the
zero-biased junction capacitances and from f., which is the frequency at which
the magnitude of hfe (forward current gain transfer ratio) is numerically
"one" for a collector current of one mA or less. When this frequency fois

six MHz and the junction capacitances are each 10 pF, the switching times
are fair and improve as FT is increased and junction capacitances are re-

duced, The double-emitter transistor has very small junction capacitances
and high fr; e.g., 4 pF for Cib and 60 MHz for fre
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The shunt switching used here, showing a short circuit rather than an open
circuit to either the source or the load, presents a low contrast to impedance
levels and should give no transient problems.

The switching system is followed by a high-performance, low-drift differen-
tial amplifier microcircuit with capacitive feedback., This differential ampli-
fier will provide both gain and the post-detection filtering, The amplified
output will be designed to feed the converter in the data-transmission module.

OPTICAL SYSTEM

The performance of the optical system is defined by the following parameters:
e Resolution
e Effective aperture
e Thermal emission
e Stray radiation
e Alignment stability
e Spectral response

Requirements on these parameters have been developed in the previous dis-
cussion on system analysis and will be summarized here,

The optical resolution should be essentially diffraction limited for an angular

resolution element of 2 x 10“4 radian diameter. The actual resolution element

. . . -4 . . . . .
size will be a maximum of 2 x 10 radian in elevation and a minimum of

6 x 10-4 radian in azimuth, For the purposes of the feasibility design, the

azimuth resolution will be taken at 8 x 10-4. Optical resolution will be such

that at least 90 percent of the energy, excluding transmission losses, from
the resolution element in object space is contained in the corresponding,
resolution element at the focal surface. This requirement is to be met for an
optical system temperature of 200 £ 20°K. This resolution requirement is
derived from the system transfer function analysis and its effects upon sensi-
tivity and accuracy, not resolving power. From that analysis it is apparent
that this requirement can be traded against other contributors to the system
transfer function and, moreover, that the accuracy and sensitivity are not
particularly sensitive to small variations in the optics transfer function.

Specifically, with respect to controlling defocus a degradation to 80 percent
of the energy in a resolution element is certainly tolerable.
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D6
The effective aperture is expressed as -W% » where D is the geometrical

aperture diameter, 60 is optical transmission including all losses up to the
spectral filter, and f/no. is the f/number of the optics.

The requirement is:

D&
o

T/no, = 20 cm

In addition, the requirement on resolution indicates a minimum diameter of
40 cm.

Both accuracy and sensitivity performance of the radiometer can be jeopardized
by thermal emission characteristics of the optics and their associated mechan-
ical structures. Steady-state emission can limit the detector D*; temporal

variations may perturb detector response linearity; and spatial variations can
appear as spurious signals if they are chopped, Therefore, the emissivity of

the optical system elements and temperature and emissivity gradients shall
be minimized.

As a design goal, sufficient baffling shall be introduced to reduce the effects
of radiation from all sources originating from beyond the instantaneous field
of view to below the level equivalent to detector noise.

The alignment of the optical line of sight shall be maintained and known with
respect to a defined reference surface to within + 4 seconds of arc. This
requirement applies through launch and when the system is at its nominal
operating temperature of 200° + 20° K,

The spectral response of the instrument shall extend from 14.0 to 16. 28p
over which band the integrated transmission of the spectral filter shall be at
least 50 percent. Outside of the band, transmission shall decrease to 10

percent of peak in the first 0, lp. and to< 5 x 10-7 at wavelengths shorter than
2. 5u.

Alternate Approaches

Refractive system. -- A refractive primary element for the radiometer
was discarded primarily because of its comparatively heavy weight and
chromatic aberrations. If it is assumed that the objective is a germanium,
symmetrical biconvex lens with a 40-cm diameter, an 80-cm focal length,
and a 10-cm thickness, the weight may be approximated by calculating the
volume of a half cylinder of the same thickness. Thus,

a7



nth
4

10
4

40 000 m

(40)2

12 560 cm®

The density of germanium is 5. 327 g/cm2 at 27°C; thus the weight of the
objective lens at sea level is 37 000 or 147 pounds. This is an optimistic
estimate as achromatizing would probably require two such lenses.

This value may be compared to the weight of an aluminum parabolic reflector

of the same diameter. A parabola may be described by the equation, y = xz.

Since y would be one half the diameter or 20 cm, the depression x would

equal V20 or 4.5 cm. If it is assumed that the thickness of the mirror blank
is 1.5 times that of the depression, a cylinder results which is 6. 75 cm deep
by 50 cm in diameter with a depression in the middle. The depression vol-
ume is

4.5 cm
vol, = / T y2 dx
0
4.5 4.5
= TT/ x4 dx =%— x5
‘0 0
= 1130 cm®
The cylinder volume is
n D2t 2500 x 6. 75 x 1 3
= - = 13 200 cm
7 )
Net volume is then 13 200 - 1130 = 12 070 cmS,
3

The weight, therefore, is 2.7 g/crn3 x 12 070 cm

73. 5 pounds
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32 700 g (2.2 x 10 21b/g)




The refractive system, at the very least, is twice as heavy as the reflector
mounting; fabrication difficulties are greater; and the amount of scattered
radiation also increases, In addition, the refractive system has no resolu-
tion advantages; therefore, a reflector was chosen for the objective element
of the optical system,

Reflective systems. - The four types of reflective optical systems
(Cassegrain, on-axis Newtonian, classical Newtonian, and off-axis para-
bolic) were investigated as possibilities for the radiometer and are shown sche-
matically in Figures 40 through 43. The Cassegrain and the on-axis New-
tonian are unacceptable because they require one additional folding mirror
and will allow only one half the baffle length of the other two systems. The
axis of symmetry of the cryogenic cooler for the detector must coincide with
the spin axis of the spacecraft so that the center of gravity of the spacecraft
will only shift along this axis during flight. Figures 40 and 41 show that this
restriction dictates that the parabolic reflector of the Cassegrain and off-
axis Newtonian systems must be placed in front of the center line of the
spacecraft., These systems may be compared with Figures 42 and 43 where
the reflector may be placed well behind the center line. For optimum baf-
fling of stray radiation, the baffle tube in front of the reflector must be as
long as possible. The Cassegrain and the on-axis Newtonian systems were
eliminated because they use only one half the length of the spacecraft for
baffling, whereas the classical Newtonian and the off -axis paraboloid use
the entire length.

The classical Newtonian and the off-axis paraboloid were analyzed to esta-
blish their resolution capabilities. The spot diagrams of the three systems
analyzed are shown in Figures 44 through 46. Figure 44 is for a classical
Newtonian with an 80-cm focal length and a 40-cm diameter at four off-axis
field positions of the object, 0.2, 0.5, 0.7 and 1.0 milliradian. Figure 45
is the spot diagram of a classical Newtonian with a 60-cm focal length and
a 40-cm diameter (f/1.5) for the same four field angles. Figure 46 is the
result of an off-axis paraboloid with a focal length of 60 cm and diameter
of 40 cm for objects at the four field positions. Because an off-axis
paraboloid is fabricated by cutting the reflector out of the radius of a larger
paraboloid, the maximum f number of the system is one half the focal ratio

or

_ |60 -
f-number max. —(-m) (0.5) = 0,75

This, however, is not a practical configuration because the image is located
on the axis which originates at the rim of this reflector. The system which
was analyzed was an £/0, 5 paraboloid which is the largest practical focal
ratio such as is shown in Figure 43.

The scale of the spot diagrams is distance in image space measured in centi-
meters; therefore, the linear dimension of a resolution element in image
space must be known to compare the diagrams. One resolution element sub-
tends 0.2 miliiradian which equals 0,012 cm in image space for the two
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Figure 40. Cassegrain Reflective Optical System
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Figure 41 On-Axis Newtonian Reflective Optical Systems
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Figure 42.

Classical Newtonian Reflective Optical System




Figure 43. Off-Axis Parabola Reflective Optical System
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60-cm focal length systems and 0.016 cm for the 80-cm focal length system.
The spot diagrams may be compared by their diameters with that of the dif-
fraction pattern. Because all three systems use a 40-cm entrance pupil,
the angular radius of the diffraction pattern to the first dark ring may be

found by the equation for Fraunhofer diffraction by a circular aperture. This
angle is

_ A
61 = (1.22)—D'

61 = 0.046 milliradian
Angular radius corresponds to a linear diameter of 0. 0055 cm in image space

for the two 60-cm focal length systems and 0. 0073 cm for the 80-cm focal
length system.

Comparison of the spot diagrams shows that with the f/2 classical Newtonian
system with a focal length of 80 cm, the geometric blur diameter measures
approximately 30 percent of the resolution eelment size and 65 percent of

the diffraction pattern radius at the worst case of one milliradian off axis.
The spot diagram for the 60-cm focal length, f/1.5 classical Newtonian system
shows that the geometric blur is approximately 55 percent the size of a reso-
lution element and approximately equal to the size of the diffraction pattern
at the one milliradian off-axis position. The spot diagram for the £/0. 5,

off axis paraboloid shows that at the best case of an object 0. 2 milliradian
off axis the geometric blur is approximately the same size as the resolution
element, which is equal to twice the diameter of the diffraction pattern. As
Figure 46 demonstrates, the diameter of the spot diagram increases rapidly
for objects further off-axis; the geometric blur for 100 percent of the energy
for an object 1.0 milliradian off-axis is approximately ten times the size of
a resolution element, Table 7 summarizes the data by showing the angular
diameter of the geometric blur for the three systems at five values of
percent of encircled energy.

Further data concerning theresolution of the three systems are contained in
the modulation transfer functions which are shown in Figures 47 through 49,
These functions .present much the same type of information as found in the
spot diagrams. They are calculated by integrating the spot diagram in one
direction to form the spread function

(=]

A (x) =/ a(x, y) dy

o

The sine and cosine Fourier transforms of the spread function are then cal-
culated for each desired spatial frequency v for example,
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A#C(\)) =f A (x) cos 2Ty x dx

o

The transforms are then treated as mutually orthogonal vectors whose re-
sultant is the value of the modulation transfer function at each spatial fre-
quency.

Of .particular interest in these functions is the response at the spatial frequency
which corresponds to a resolution element which is 0. 2 milliradian {or 5 milli-

.oo=1 . :
radian” 7). Linear spatial frequency as shown in Figures 47 through 49 is

6. 26 mm ! for the 80-cm focal length system and 8. 34 mm_1 for the two
60-cm focal length systems. Summarized in Table 8 are the responses of
the three systems at this frequency. The values given for the off-axis para-
bola may be rather inaccurate due to the high negative slope of the functions.
In addition, the geometric blur due to abberrations and the energy distribu-
tion from Fraunhofer diffraction by the aperture have been treated separately

in this analysis, whereas the true system response is a convolution of the two
effects,

Recommended System

The configuration of the recommended optical system must be chosen by
consideration of the following requirements:

1) The components in which a failure can occur must be made redun-
dant, either by the use of two complete radiometers, or by duplicat-
ing only the chopper, detector and in-flight calibration sources.

2) The radiometer(s) including all structures, mounts, and stray radia-
tion baffles must fit within the 54-inch diameter hexagonal spacecraft,

3) The field of view must be 0.2 milliradian in the direction of the earth's
radius and sufficiently large in the other direction to assure that
the radiant power on the detector is at least equal to the three-sigma
noise level of the detector when measuring the point of minimum ra-
diance of the horizon.

4) The field of view cannot be extended beyond the point where the off-
axis geometric aberrations (coma) at the edge of the field signifi-
cantly affect the size of the resolution element,

5) The optical design of the system should use as few elements as pos-
sible to minimize the amount of thermal emission radiation on the
detector.

6) The system should be simplified as much as possible to increase the
ease and accuracy of alignment.
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TABLE 8. - MODULATION TRANSFER OF THREE REFLECTIVE
SYSTEMS AT FIVE CYCLES/MILLIRADIAN

Half-field angle,

System milliradians Response
Newtonian, 0.2 .99
80-cm focal length, 0.5 .97
£/2.0 0.7 . 96

1.0 .93
Newtonian, 0.2 .98
60-cm focal length, 0.5 .96
£/1.5 0.7 .92

1.0 .86
Off-a xis parabola, 0.2 (. 15)
60-cm focal length, 0.5 (. 15)
£/0.5 0.7 (. 15)

1.0 (. 15)

Initial considerations of the classical Newtonian and the off-axis paraboloid
alternatives show that the greatest advantage of the off-axis paraboloid is
that it fulfills the fifth and sixth requirements and eliminates the folding mir-
ror of the Newtonian system.

Interpolation of the data of Figure 50 indicates that the half-field angle for an
off-axis paraboloid cannot exceed 0.1 milliradian if 90 percent of the geome-
tric blur diameter is to fall within the 0.2 milliradian resolution element. The
maximum field of view for this system then would be 0.2 x 0.2 milliradian,
Figure 51 shows that a much larger field of view could be used if necessary
with the £/2.0 Newtonian system. The extrapolation shown indicates that for
an object 1.4 milliradian off axis 100 percent of the energy of the geometric
blur would fall well within the 0. 2 milliradian resolution element.

The two systems may now be compared to find the required system efficiency
with the given values of the field of view by calculating the noise equivalent
radiance (NER) for the radiometer for each case, The NER of the detector is

found by
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Vi VA
NER = O VAI

D* AQ 85 A
C

X
where: AO = area of the detector
Af = system bandwidth
D)\ = detectivity of the detector
Ac = collecting aperture area
6 = system efficiency
AQ = detector field of view

From the assumptions that:
(1) The minimum practical length for a side of a detector is 80p;

(2) A re-collector lens would be used with either system to focus the
energy onto the smallest possible detector; and

(3) Both systems use the same collecting aperture size.

The differences can only be in the factors AQ and 6 . As tabulated below,
these are:

AQ, mrad 6
Classical Newtonian 0.2x0.8 0.8 x (0.98)° 5,
Off-axis parabola 0.2x0.2 0.8 x0.98 ér

Where 61" is the loss common to both systems. The difference in 0 1is solely

due to the central obscuration in the classical Newtonian, Since detector size
is proportional to AQ, the net decrease in NER is proportional only to the
square root of the ratio of the AQ's. Thus, the classical Newtonian is ap-
proximately 1.5 times as effective as the off-axis parabola for the same
aperture size.

The next comparison of the two systems is the method of duplicating the critical
components. It is apparent that fhere is no necessity to duplicate the primary
mirror because any possible failure due to the space environment is experimenced
by both mirrors. Therefore, only the chopper, the detectors and the in-flight
calibration source need be redundant. Figure 52 diagramatically illustrates

the advantage of using a single primary. This is a top view of the spacecraft
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Figure 52. Layout of Single and Dual Radiometers within the Spacecraft
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showing the necessary placement of the two primary mirrors if they were
duplicated as compared with a single primary mirror system. The place-
ment of the two primaries decreases the available baffle length as well as
increasing the difficulty of alignment because of the lack of orthoganality.

The method of duplicating the critical components without duplicating the
primary is to place two field stops side by side in the focal plane of the pri-
mary mirror. These two stops are symmetrical about the optical axis with

a separate chopper for each. A single re-collector lens is placed behind the
field stops which focuses them onto the two detectors. This method is illus-
trated in Figure 53. Consideration of the field-of-view requirements shows
that this method could not be used with the off-axis paraboloid. The resolu-
tion requirements have dictated that a point can be no more than 0. ! millira-
dian off axis with the paraboloid; however, with the dual field-stop configuration,
each stop must be at least 0.2 milliradian from the axis to allow sufficient
separation of the choppers. Therefore, if a classical Newtonian design is used,
a single primary with redundant choppers and detectors is possible; if an off-
axis paraboloid is used, two complete systems will be necessary.

Description of a Recommended System

Consideration of all of the comparisons of the two optical systems has lead to
the selection of an 80-cm focal length, £/2.0 classical Newtonian design., A
drawing of this system is shown in Figure 54. This design uses a single
primary parabolic mirror which is 40 cm in diameter and 80 cm in focal length.

The optical path is folded by a flat secondary mirror onto the two field stops
which are situated in the image plane of the primary. The field of view of
each field stop is 0.2 x 0.8 milliradian and they are separated by 0.025 inch
or 0.8 milliradian. Mirror choppers are located in front of each of the two
field stops to modulate the signal. Radiant energy is focused onto the two de-
tectors by a re-collector lens at a magnification of 0.5. The detectors
therefore, are the size that would be used with an f/1 system which is 80 x
320p. The geometric aberration blur diameter is, of course, a function of
the off-axis angle which extends from 0. 4 milliradian to 1. 2 milliradians. The
spot diagrams for four positions across the field stop are shown in Figure 44,
and the blur diameter data are summarized in Figure 47. As previously
mentioned, at the full field position 1.2 milliradians off -axis blur diameter is
approximately 35 percent of the resolution element size. The modulation
transfer function for this system, as shown in Figure 51, will vary from 0.97
at 0.4 milliradian and may be extrapolated and found to be 0.91 at 1.2
milliradians.

The thermal emission of radiation by the optical components is of concern
primarily from those elements which precede the chopper, i.e., the primary
and secondary mirrors. This power may be calculated by deriving an equa-
tion for the system. Radiant power from the thermal emission of the primary
mirror which falls within the area of one of the field stops is given by
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= N A Q
P p“p Fp s
= radiance of the primary in the 14-to 16-u band.

= area of the primary,

solid angle subtended by the field stop from
the primary, and

e
o

p. = reflectance of the secondary mirror.

The secondary mirror radiates in the same way. Thus,
P = N_A_QFs
s s s

where the symbols have the same meaning as above with the exception of the
area of the mirror which in this case is the projected area as seen from the
field stop. Assuming the radiance of the primary and secondary to be equal,
the two equations may be combined to give the total radiant power which
reaches the detector from the emission of the two mirrors. This power is

P = N(A O o+ ASOFS)

Assuming the two mirrors to be Lambert radiators at 200°K with an emissivity
of 0.02, their radiance may be calculated by standard radiometric equations

and found to be 5, 22 x 10-6 watts /crn2 - srl in the 14-to 16-pband. The re-
flectance of the secondary mirror may be assumed to be 0. 98, and the follow-
ing geometric values are taken from Figure 54.

A = (m) (20 cm)2 = 1255 cm2
p
-3 2 i
Q - 1,05 x 10 2cm - l.6x107sr
Fp (80 cm)
2 2
As = (m (7.4 cm) = 172 cm
-3 2 i
Q - 1,05 x 10 2cm = 1.32 x 10 GSr
Fs (28. 3 cm)
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. -9
Substituting these values into the equation results in 2. 22.x 1_0 watt as the
total radiant power on the field stop from the thermal emission of the primary
and secondary mirrors.

The radiant power which falls within the field stop when measuring the mini-
mum horizon radiance may be found by '

2
P = N A 00, ¢ D

where: N = the minimum horizon radiance in the 14- to 16-p band
= 1076 W/cm2 - sr
{2 = the solid angular field of view of the system
= @ex10 rad) x 8 x10 % rad) = 1.6 x107" sr
OS = the obscuration factor by the secondary mirror
A
= 1-A—1: = 1- 22 = 0.864
= the reflectance of the two mirrors = 0,98
D = the fraction of the energy of the diffraction pattern whichfalls

within the field stop = 0.94

Substituting these values into the equation results in 1. 56 x 10 10 watt as

the power on the field stop when measuring the minimum horizon radiance,
Comparing the value of power from the horizon with the power from the mir-
ror shows that 14,2 times more power will fall within the field stop from the
mirror emission than from the minimum horizon radiance, This is about

45 times that associated with the system noise level,

The nominal value for mirror emissivity, 0,02, upon which this ratio is
based appears to be a conservative estimate,

Bennett, Bennett, and Ashley (ref. 3) report reflectance data for silver in
the 0. 55 to 32p region is accurate to +£0. 1 percent and these films, they re-
port, are reproducible to 1 percent. Additionally, they list the following:

N, u p (fresh) p (aged in air)
14 . 9861 . 9830
16 . 9868 .9838
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Storage in dry nitrogen can almost stop the aging. Bennett and Ashley (ref.
4) have reported further on reflectivities of gold and silver and gave higher
values (again with an accuracy of 0, 1 percent):

N, p P €
14 . 9955 .9945( .
silver
16 . 9956 .00443
14
. 9940 .0060 ; gold
16 . 9940 . 0060

They say, '"The problem of a reflectance decrease during aging occurs only
with silver. .. the reflectance of one ultrahigh vacuum silver film stored in
dry nitrogen dropped by less than 0. 1 percent. . .in 42 days.' Table 9 gives
the radiant power on the detector which would result from other values of
mirror emissivity and temperature. These again may be compared to

-1 .
1,56 x 10 0 watt, the radiant power on the detector when the minimum hori-

zon is being measured. For example, if the data of reference 3 is correct,
an emissivity of 0.0060 could be achieved with gold coating. Assuming a mir-
ror temperature of 200°K, the ratio of power from the mirror to power from
the minimum horizon would be 4,25, Although the effect of mirror radiation
will be eliminated by the in-flight calibration procedure in any case, the ac-
curacy of measurements would be increased by these low emissivity coatings.

Efficiency of the optical system will depend upon the accuracy of alignment
of the various components, any misalignment will cause a loss of radiant
energy on the detector.

These mechanical tolerances have been established, and their effect upon
system efficiency has been calculated by first-order optical theory. These
tolerances and their effect is summarized in Table 10, Assumptions upon
which these energy losses are based are as follows:

(1) Field stop to detector spacing - the error (0.0002 inch) has been
evenly divided between the distances on either side of the re-col-
lector lens to give the maximum increase in the magnificantion
which could result.

(2) Centering - each component was decentered in the direction which
causes the greatest loss of the effective area of the field stop or
detector.

(3) Tilting of primary and secondary mirror - each mirror was tiited
in the direction which causes the greatest loss in the effective area
of the field stop.

(4) Recollector lens tilt - any rotation of this lens will be about its
nodal point.
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TABLE 9. - RADIANT POWER IN WATTS FROM THE MIRROR
OPTICS WHICH FALLS WITHIN THE DETECTOR AREA

e 190°K 200°K 210°K 220°K
002 | 1.84x 107 2.22 x 10”9 g.42 x 10710 9.95 x 1010
004 | 3.67x 10710 4,44 x 10710 1.68 x 1072 1.99 x 1072
006 | 5.51x 10 10 6.66 x 1010 2.52 x 1077 2.78 x 10”2
.01 7.65 x 10”10 1.11 x 1079 4.21x107° 4.97 x 1079
.02 1.84 x 1079 2.22 x 1077 8.4 x 102 9.95x 1077

TABLE 10. - MECHANICAL TOLERANCE OF OPTICAL

COMPONENTS AND THEIR EFFECT UPON
SYSTEM EFFICIENCY

Worst -case
Type of tolerance Component Tolerance energy loss
Axial spacing Primary to | 10,0015 in, 12. 9%
field stop
Field stop |0,0002 in, 0.06%
to detector
Centering Primary 0. 0005 in, 8 %
Re-collector| 0.0005 in, 8 %
Detector 0.0003 in. 9. 5%
Tilting Primary 3 sec 14. 5%
Secondary 5 sec 8.7%
Re-collector} 20 sec no effect
Detector 5 sec negligible
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(5) Detector tilt - the only inefficiency results from the decrease in
the projected area of the detector (cos 9).

Radiometer Structure and Spacing

The selection of the mechanical structure configuration of the proposed
radiometer design is based upon consideration of both structure and thermal
requirements. A description of the boundary conditions of the design and its
operational parameters is as follows:

1. The operating temperature during the flight will be 200° 120°K.
2. The temperature change from manufacturing to flight will be 100°K,
3. The environment includes operation through a ''soft" launch; all

pertinent environmental specifications are relative to a Thor or

Agena vehicle, Final operation in orbit involves a zero "g'" condi-

tion at an altitude of approximately 260 nautical miles.

4. Spacing, centering, and tilt tolerances are as specified in Table 10,

5. The 40-cm diameter, f/2; parabolic primary is assumed to be
equivalent to a spherical mirror having a radius of curvature of
160 cm.

These are two basic structural systems available:

1. The optical elements are spaced by the structure itself, and the
structure material and design is such that any change in the focal
point of the primary mirror is matched by the change in structure
(see Figure 55).

2. The optical elements are spaced by a system of thermal compen-
sating rods and structure with a portion of the structure thermally
isolated from the optical elements (see Figure 56).

Structure spacing, -- From Figure 55 the focal length (FL) of the system
is defined as

FL = C-(A+B) +D
The change in the focal length over an excursion of temperature must be
matched by the corresponding change in the structure over the same tem-
perature excursion. That is,

AFL = AC-{AA+AB) +AD
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AFL = -l:—o ap AT
AA = AaA AT
AB = BaB AT
AC = Cag AT
AD = DaD AT

where R0 is the radius of curvature of the primary; and A, B, C, and D

are the structural dimensions at ambient conditions; i.e., prior toa AT
excursion. The coefficient of expansion value for each element, optical or
structure, is denoted by @ as shown,

Combining,
O = -
5 AT —[Cac (AaA+BaB +DaD] AT
or
Ro
T+A ay =Cac BaB+DaD

By hypothesis, the material denoted by C is made identical to the material
denoted by D. As such, o~ = op, and

R

o = -
—5——+A)QA = (C+ D) o BaB (8)

The mechanical/optical layout of the classical Newtonian systems as outlined
in Figure 55 gives the following approximate dimensional data:

R = 160 cm
o

A = Tcm

C = 59+ R

D = 28 cm
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The relationship between the focal~point shift and the structure change over
a AT reduces equation (8) to

160 v _
2_,+7) aA—(59+B+28) aC-BaB
87aA=87aC +BQ/C-B01B
then
87 ( - a,)
5o Tl
B - “«

By inspection, the relationship R > %G > ay must exist between the coeffi-
cients of expansion

The choice of material for the primary mirror includes:

Fused silica (quartz)
Pyrex

Berryllium

Aluminum

while structural material choices include:
° Titanium
° Aluminum
® Magnesium
° Stainless steel

Table 11 is a matrix analysis comparing the four mirror materials with the
four structural materials relative to equation (8).

As concluded from Table 11, the only combinations of mirror and structural
materials that are thermally compatible are: (1) aluminum throughout; and
(2) a beryllium mirror, titanium structure, with a magnesium compensating
thermal spacer.

Thermal compensating rod spacing. -- As is shown in Figure 56, the
focal length change over an excursion of temperature must be matched by
the corresponding change in the structure over the same temperature ex-
cursion, that is,

AFL = AC - (AA + AB) + AD
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This expression, as in the previous exercise, reduces to

R
-0 = -
(2+A‘01A Cac BaB+DozD

By hypothesis, the material denoted by B is made identical to the materials

denoted by D . As such, ag * op, and

R
O+ A

5 ¢, = Ca. - (B-D) «

A C

B

Again, as in the previous exercise, the following approximate dimensional
data exists:

RO = 160 cm
A = Tcm
C = 59 +B
D = 28 cm

The relationship between the focal point shift and the structure change over
AT reduces from the equation above to

—+7 a, = (59 +B) «

160
( A - (B -28) «

C B

= (59+B) a +(28—B)aB

A C

A typical material that may be uced for the thermal compensation rod
material is Invar, since this material can serve both as a thermal compen-
sator and as a structural element. Kovar is also a possibility, but is
essentially represented by Invar.

Referring to Figure 56, it can be seen that the design approach includes
the following premises:

1. Thermal compensation is accomplished along only that portion
of the focal length that lies between the primary mirror and the
folding mirror.

2. In order to eliminate radical distortions, the mirror support
structure and the center support ring are of the same material.

3. The mirror support structure and the Invar thermal compensating
rods are matched to effect the required thermal ccmpensation.
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Choices of material for the primary mirror include:

e Fused silica (quartz)

e Pyrex
The structural material choices include:

Titanium
Aluminum
Magnesium

Stainless steel

A matrix analysis comparing the two mirror materials with the four structural
materials relative to the equation above is contained in Table 12. It may be
concluded from Table 12 that the best mirror and structural material combina-
tion available is pyrex and titanium with Invar rods as the thermal compensat-
ing structure member.

Material analysis -~ From the two preceding paragraphs, the following
facts have been ascertained:

1. Spacing the optical elements by the structure is thermally possible.
The combination of materials that are acceptable are (from Table 11)
as follows:

Mirror: Beryllium

Structure: Titanium

Spacer: Magnesium
or:
Mirror: Aluminum

Structure: Aluminum
Spacer: None
2. Spacing the optical elements by the thermal compensating rod technique

is also thermally possible. The combination of materials that effects
a minimum telescope size is:

Mirror: Pyrex
Structure: Titanium

Rods: Invar

A tabulation of the six materials involved and their characteristics pertinent
to their study is listed in Table 13.
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From thermal considerations, the choice of mirror material has been limited
to pyrex, beryllium, and aluminum.

Pyrex mirror: From space-envelope considerations, it is impossible to
accept the "B" dimension of Figure 56 as dictated by the use of pyrex. The
B dimension called for in Figure 56 and Table 12 is 18.2 cm or 7. 2 inches.
This requirement exceeds the maximum space allowed. As a result, the
thermal compensating rod technique as shown in Figure 56 is eliminated as
a consideration.

The B requirement can be met by introducing a new structural concept as
shown in Figure 57. This technique simply shifts the structural dimension
required to the other end of the system where there is no space-envelope
restriction.

Figure 58 shows the thermal expansion of Invar (ref. 5). Over a temperature
excursion of +20° F about a mean of -100°F the thermal coefficient of
expansion is not constant. As a result of this, Invar, as shown in Table 12,
requires a B dimension that differs by 1.5 cm over the 40°F temperature
shift. This effect rules out the use of Invar and, as a consequence, rules
out the use of a pyrex mirror.

Suppliers have been contacted relative to this problem. It has been

affirmed that the coefficient of expansion can be made constant within the
temperature range desired. However, even admitting the possibility of this
affirmation being true, the approach cannot be recommended without develop-
ment since the material is an unknown.

Beryllium and aluminum mirrors: To effect the reflectivity required
in the 12- to 16-u region, both beryllium and aluminum mirror surfaces must
have a Kanigen chemical nickel coating with a chrome deposit over which is
a gold finish deposit. This technique provides the highly specular low
emissivity surface required. Te Corporation, Santa Barbara, California
has fabricated a mirror that has operated at low temperatures. Dr. Robert
Neiswander of the Te Corporation has stated that they have fabricated an
aluminum mirror which has been successfully temperature cycled to liquid-
nitrogen temperature and maintained a 0.5 mrad resolution. This particular
unit had a 5-mil Kanigen coating. Further, it was his opinion that because
of the nonisotropic characteristic of beryllium, they had not been successful
in any beryllium mirror fabrication operating over this kind of temperature
excursion. Itek Corporation, Lexington Massachusetts, has not been
successful with aluminum mirrors. Itek has not been able to keep the
Kanigen coating intact over this kind of a temperature swing. In their opinion,
however, the use of a beryllium mirror should not be ruled out; one could
be developed to perform satisfactorily at 200° K

Conclusions. -- From a mechanical/thermal point of view, a system to
satisfy orbiting operation requirements is feasible.
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The study completed leads to an optimum material/structure configuration of
an aluminum primary with an aluminum structure serving both as a structure
and as the optical spacing element. All data indicate that the use of aluminum
has the following advantages:

1. An essentially constant coefficient of expansion from ambient to
200° K.

2. The most superior thermal expansion/conductivity ratio of all
materials.

3. It is isotropic.

4. Strength and stiffness characteristics compatible with the
environmental excursions expected.

5. A mirror has been successfully fabricated with an aspheric figure
compatible with the optical requirements and with test data existing
showing that it has been cycled to liquid N2 temperature maintaining

a 0.5 mrad resolution with every expectation of improvement at
200° XK.

Baffling

Baffle techniques. -- In any telescopic optical system, it is virtually
impossible to prevent radiation from outside the field of view from entering
the system, reflecting off internal surfaces, and causing a loss of contrast
in a visual system or undesirable "noise'' in an electronic photodetection

system.

Energy absorbing baffles are provided to attenuate the undesirable off-axis
radiation which enters the system. With any baffling system, the possible
sources of undesirable radiation falling on the detector(s) are
1. Direction radiation
2. Radiation from side of baffle
a. Diffuse
b. Specular
3. Radiation from edges of baffle

a. Diffuse

b. Specular
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4. Radiation from other surfaces
a. Lens, mirror, and window edges

b. Mounting surfaces

Baffles are provided on surfaces which cannot be shielded from off-axis
radiation coming directly from outside the optical system. The purpose, in
general, of any baffling system is to absorb and/or redirect the incident
off-axis radiation such that it either will not get to the detector(s) or, when
reaching the detector,it is greatly attenuated so as not to exceed the detector

noise.

To attenuate incident radiation, the surface of a baffle must be treated so as
to absorb as much of the incident energy as possible. Reflection from baffle
surfaces can be made specular or diffuse. Figure 59 illustrates typical baffle
approaches. Incident radiation impinging upon a baffle surface can be
specular as shown in Figures 59a and 59b, diffuse as shown in Figure 59c,
both specular and diffuse as shown in Figure 59d, and a cone trap as shown

in Figure 59e.

A baffle surface that is made specular has the following characteristics:
1. The first reflection is directed down into the baffle.

2. The reflected energy is attenuated by the multiple reflections, the
number of reflections being a function of the incident angle 6 and the
L/d ratio of the baffle design.

3. The direction of the reflected energy is controlled and can be
directed away from the field of view of the detectors.

A baffle surface that is made diffuse has the following characteristics:

1. Diffusely reflecting baffles reradiate incident energy in a forward
hemisphere (first reflection) and a rearward hemisphere (second

reflection).
2. The reradiated energy is uncontrolled.

3. Attenuation is exclusively a function of the absorptivity of the baffle
surface during the first impingement as a worst case.

In addition to the incident off-axis radiation impinging directly upon the walls
of the telescope tube, there is an off-axis reflection from the primary that
also strikes the telescope walls. Consider Figures 60 and 61.

Figure 60 shows the radiometer in its orbital path above the earth. While
orbiting, the radiometer is rotating about an axis as shown. When the radio-
meter is 90° away from the on target line of sight, earth radiance starts
being received within the telescope barrel.
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Line of sight position when off-axis earth
radiance starts being received with
telescope barrel.

Line of sight on target

Orbital path

Figure 60. In-Flight View of Radiometer
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From Figure 61, it can be seen that the earth radiance impinges only on the
telescope walls when the line of sight is between 90° and 22° from target.
From 22° to line of sight on target (0°), off-axis energy impinges on the
primary mirror. This energy is reflected back towards the focal plane
(where it converges) and beyond. Figure 61 examines energy coming in at
22° 13° and 7°. The energy being received at 7° comes to a focus and is
reflected out of the telescope opening, clearing the telescope walls. This
condition, obviously, is similar for all energy being received at angles
from 0° to 7° and up to approximately 10°. From 10°to 22° as illustrated
by the 13° trace, the energy is impinging upon the telescope wall.

The baffle design technique must accommodate both forms of incident, off-
axis energy; direct and reflected.

The conventional procedure relative to baffle design is to incorporate con-
centric rings with the ring i.d. conforming to the field of view, the spacing
and 4 /d ratio in accordance with the attenuation requirements. This approach
does not take into consideration the off-axis energy reflected by the primary
mirror.

The ideal baffle technique for attenuation of both direct and reflected off-axis
energy is a baffle edge that conforms to the outermost reflected ray - in this
case the 22° line as shown in Figure 61. Reflected energy from the primary
would be collected by a baffling technique as shown in Figure 59. Since the
largest possible spacecraft space envelope will not permit this luxury, a
step baffle arrangement evolved in accordance with Figure 62.

Design analysis of recommended baffle configuration. -- The primary
requirement of the baffle system is that off-axis stray radiation be
attenuated so it does not exceed the radiant power reaching the detector when

measuring the minimum horizon radiance or 1.56 x 10-10 watt.

Baffle cavity: Design analysis of any baffle cavity configuration begins
with an analysis of the value of off-axis energy being received. Reference
to Figure 60 shows that as the spacecraft rotates in the assumed ccw direc-
tion, for any given approach rate of the line of sight of the radiometer to the
horizon (target), the maximum exposure of earth radiation occurs when the
radiometer is on target. The possible angle of incident earth radiation on
the inside of the radiometer telescope ranges from 90° at the telescope opening
to 21.6° at the full depth of 40 inches as’is shown in Figure 63.

Each angle has been converted to a solid angle as is shown in Table 14.

The earth radiance has been given as

N = 700x 10°% W/em2- sr
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TABLE 14. - SOLID ANGLE OF STRAY RADIATION ON

THE RADIOMETER TUBE CALCULATION

6, deg g, deg cos % =S h=1-35 A, sr
%=;T%5 10°45" 0.98245 0.01755 0.1105
24 12° 0.97815 0.02185 0.1373
30 15° 0.96593 0.03407 0.2141
35 17° 30! 0.95372 0.04628 0.2908
40 20° 0.93969 0.06031 0.3789
45 22° 30! 0.92388 0.07612 0.4783
50 25° 0.90631 0.09369 0.5887
55 27° 30! 0.88701 0.11299 0.7099
60 30° 0.86603 0.13397 0.8418
65 32° 30! 0.84339 0.15661 0.9840
70 35° 0.81915 0. 18085 1.1363
75 37° 30! 0.79335 0. 20665 1.2984
80 40° 0.76604 0.23396 1.4700
85 42° 30! 0.73728 0.26272 1.6507
90 45° 0.70711 0.29289 1.8403




Knowing the solid-angle for energy impingement for points within the tele-
scope, the irradiance for each point was computed (Table 15) from the follow-
ing relationship:
- 2
H (irradiance) = 700 (6) x 1070 W/cm
where 6 is expressed in steradians (Table 14)
Figure 64 is a plot of Table 15 and gives the irradiance in W/cm2 for any

point inside the telescope barrel when the telescope line of sight is tangent
to the earth's surface.

Thet /d ratio that is required for the baffles is defined by the following
relationships:

1. Power into a baffle cavity x (surface rei’lectivity)n = power out.

2. Power into a baffle cavity = H (W/cmz) x area subtended by the
baffle cavity (cm?2).

3. Power out = 1.56 x 10" 10 W, by definition.
4. n = the number of specular reflections required within the baffle
cavity.

Figure 65 shows a folded layout of a typical baffle such that,for a given
incidence angle of energy,the number of reflections within the baffle cavity
is defined as

t 6 = -2—-L— = _——2L
an " w B D tan 6

where

0 = incidence angle of impinging energy,

I. = depth of baffle,
D

spacing of baffle plates (rings), and
n = number of reflections within the baffle cavity defined by L and D

If a point on the telescope barrel wall is selected, an irradiance value at

this point may be taken from the graph presented in Figure 64. For any

given D spacing requirement, the value of the H selected can be assumed

to remain constant over the D spacing within a reasonable approximation.
Finally, D can be multiplied by 1 cm in order to establish an area of impinging
energy.
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TABLE 15. - IRRADIANCE FROM EARTH ON RADIOMETER
TUBE CALCULATION

8, deg 0, sr H=10"° W/cm2
21.5 0.1105 77.2

24 0.1373 96.1

30 0. 2141 150

35 0.2908 204

40 0.3789 265

45 0.4783 335

50 0.5887 412

55 0.7099 497

60 0.8418 589

65 0.9840 689

70 1.1363 795

75 1.2984 909

80 1.4700 1029

85 1.6507 1155

90 1.8403 1288
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N = 21
1 dxtan 6
a 1
—
8 y
v a’ b’ a’ b’ a’ b’ a’ b’ a’

™ Where: | = Length of baffle

N d = Width of baffle
N 6 = Angle of incidence
N N = Number ofbounces

| N
N
N
N
N 11 12 1314 1516 17 18 19 20 21
1 23456 7 8 9 10 N
N
™\
N\
N
N
N

\\

N
b a b a b-a b a b a b
Figure 65. Layout of a Baffle System
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The relationship between H and the L/D ratio can now be expressed as:

(Power In) (r‘eflectivity)n = power out
H(W/cmz) xDx1 (cmz) x (o) =1.56 x 10710 watts
HD (o)™ =1.56 x 107 1°
where, from Figure 65, 21,
n =-————
D tan 6

Taking the natural log of both sides of the above equation gives the
workable expresion:

2L 1InP
tinH+ InD+ ———— =-10 1In 1. 56
D tan 6

For the given point selected on the telescope wall, a value for H is available
from Figure 64. The angle |6! canbe scaled by the use of Figure 62.
Reflectivity can be assumed to be 0.10 as a conservative estimate. It is
convenient to assign a value to D and solve for L, adjusting D to attain a
suitable L/D ratio. The analysis of the baffle problem involves a feasible
solution as shown in Figure 62.

The results of the analysis are not trivial. The proposed solution is

unique and constitutes an approach that virtually eliminates stray light from
the telescope walls as a source of error. The step-function baffle edge with
the L /D ratio incorporated includes the following design features:

1. The L/D ratio used in each of the three sections is that ratio de-
fined by the worst-case |6! within the section. As an example, consider the
mid-baffle section shown in Figure 62. The worst-case angle is 46° 48/,
this angle dictates the largest irradiance as seen by the field of view of the
edge of this baffle segment. For the entire mid-baffle section the L/D ratio
is defined by 46° 48'.  As such, the minimum baffle (the one shown by the
reflected ray trace) has the same L/D ratio as the last baffle cavity towards
the primary mirror within the mid-baffle section. As can be seen, the
baffles are not uniformly spaced. The spacing is a function of the I./D ratio
dictated within each section. This approach provides a step increase in
baffle spacing with a minimum number of baffles required, and in addition,
provides a conservative rather than a marginal design.

2. From Figure 62, the edge-effect analysis can be seen to include

only three baffle edges: the first at the aperture of the radiometer, the
second at the end of the mid-baffle section, and the third at the beginning
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of the third baffle section (adjacent to the primary mirror).

3. The recommended finish of each baffle surface is a specular coating
with maximum reflectance of 10 percent. This may be readily obtained by
using black enamel on both sides of each baffle ring.

Baffle Edges: In the baffle design shown in Figure 62, there are three
edges that could get into the field of view since the rest of the baffles are,
by the step design, outside the field of view. Thedesignanalysis will consist
of determining the energy falling on these edges and the radius of edge re-
quired such that the power delivered to the detector from off-axis radiation
will not exceed the minimum target signal. This exercise is somewhat
academic as each edge in the proposed design can be pulled back from the
field of view outline defined by the primary so that baffle edge reflections
will not impinge upon the detector array.

Figure 66 depicts the three baffle edges involved in the analysis. Each edge
has an associated irradiance that is a function of the edge depth within the
radiometer barrel (see Figure 64). Associated with each edge is an area of
energy impingement which is defined in terms of a radius edge R. The total
reflected power from each edge is listed in Table 16.

Total power on the detector is the summation of the reflected power from
each edge in accordance with the relationship

Power on detector . 0.2x0.8x 1075 (rad)2

Total reflected power (edge) ax m(rad)?

where o = angle subtenting the exposed edge expressed in radians is shown
in Figure 66.

Table 17 represents the analysis that includes the total power due to off-
axis radiation within the field of view of the detector from the specular re-
flection from the three baffle edges considered. This power is related to
the baffle edge radius as follows:

Total power on detector from edges =57.4 pR x 10-1OW
The maximum power permitted has been given as 1.56 x 10_10 W.
therefore
1.56 x 10710 = 57.4 R x 10710
and
1.56
R= 5774,
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Edge no. 1 (opening of telescope)
energy impinges upon entire hemispheric area

Area=mnR xigﬂ= 20R nzcm2

Note: aperture = 40 cm

Edge no. 2 (first step in baffle edge line)
Area= 20 R x 201 48:8) - 15,55 2 o2

27° 187

Edge no. 3 (second step)

=13.1Rn?cm?

Area= 20 R n2 i‘ﬂl%%ié)

Figure 66. Baffle Edge Effects
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where p
R

reflectivity. Assuming a reflectivity of p = 0.1,
0.272 cm = 0.107 inches

Thus the baffle edge may be defined by a radius of 0. 107 inches if all re-
flections are specular.

Spectral Filtering

The ideal spectral response function of a radiometer for this'measurement
would be perfectly rectangular with no sensitivity on either side of the 14.0-
to 16. 28-p band if such were also possible for horizon sensors.

This ideal case may be approximated by the use of a spectral filter within
the radiometer system which minimizes errors due to radiation from
beyond the band limits.

The spectral response function of the radiometer is given by the general
equation

RO =p M7 10 g SO

where
p (M) = spectral reflectance of the surfaces of the primary; and
secondary mirrors
7 (Mg = spectral transmittance of the re-collector lens
T (\) . .
F spectral transmittance of the filter
S ) = detector spectral response function

Therefore, the required |t (A\)..| may be calculated only after the actual
spectral sensitivity of the detector and the spectral characteristics of the
other components have been determined.

The two mirrors are polished or gold- coated aluminum to achieve low
emissivity, high reflectance surfaces. A gingle lens, there-collector, forms
the front window of the dewar. This lens is fabricated from germanium on
which is deposited a wide-band spectral filter to reduce the heat load on the
detector assembly components. Mounted directly in front of the detector is
the multilayer-type spectral filter.
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Material for the re-collector and filter substrates.-- A study of mater-
ials which transmit in the 14. 0- to 16. 3~ interval has been made to determine
the best substrate to use for the filter and the best material for the re-
collector lens. Mechanical stability, spectral transmittance, fabrication
experience, repeatibility of performance, and related physical characteristics
have been studied. Germanium has the best combination of characteristics
for both, the filter and re-collector lens (ref. 6).

General spectral transmittance characteristics of germanium at various

temperatures are shown in Figure 67 (ref. 7). The curves may be inter-
polated in an approximate manner to find the function for the recollector

lens which is at 200 °K and the filter substrate which is at approximately
20°K.

Transmittance is a function of the thickness, and its value may be found by
the solution of Bouguer's Law

T(\) =e &%
where
a is the absorption coefficient, and x is the sample thickness.
Total transmittance in the spectral band of interest is found by

jis.zs
T(X) d\

4
T =—T76.23
an

14

An empirical solution to Bouguer's Law as measured on a spectroradiometer
is shown in Figures 68 and 69, for two thicknesses of germanium at room
temperature. It may be seen that there is an absorption dip at ~ 650 cm™!
which could interfere with the desired radiometer response function. Figure
67, however, shows that at the operating temperature of both the re~
collector and the spectral filter, the absorption of the germanium is so small
that the dip should have a negligible affect upon the response function.
Verification of this during the final design of the radiometer will be neces-
sary.

Two other materials have been considered for use as the filter substrate or
the re-collector lens. The materials and their characteristics are

1) Polycrystalline zinc sellenide (Kodak Irtran 4)

This material has been used for substrates and lens elements
which operate in the radiometer's spectral region. There are no
absorption bands in the spectral transmittance function which,
however begins slowly decreasing at 15 microns as shown in Figure
70. Interference filters and antireflection coatings have been
placed on Irtran 4 and are available from several manufacturers;
however, there is some doubt as to the filter adherence at low

temperatures.
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2) Polycrystaline cadmium telluride (Kodak Irtran 6)
Since this is a relatively new materialf or use in infrared systems,
there are very little data on its characteristics available at this
time. Further investigation of its characteristics will be neces-
sary, however, before it may be chosen or rejected. Appendix B
presents a summary of the data which is presently available.

Spectral filter. -- As was previously discussed, the ideal radiometer
spectral response would be a rectangular function between 14.0 and 16.23p
with no response in any other spectral region.

Preliminary analysis of the spectral transmittance of germanium indicates that

(a)

it may, for a first approximation , be considered constant over the spectral
region of interest. The spectral reflectance of the gold or aluminum mirrors
may be assumed constant; thus, the response equation may be reduced to

RO = 1 (WSO (9)

The spectral response of the Ge:Cd detector, S(\) was shown in Figure 24,
and the 14-to 16, 3-p region of this function has been enlarged and is shown
in Figure 71. Assuming the ideal response for R()\), equation 9 may be

solved for T()\)F. The result of this calculation is shown in Figure 72, the

desired spectral transmittance function of the spectral filter.

The filter which will approximate this function is composed of layers of
quarter-wave thickness with alternate high and low indexes of refraction.

The simple stacking of low and high index films yields progressively narrower
bandwidths; however, the simple stack also has passbands at wavelength
multiples of the fundamental wavelength, If these multiple pass bands occur
within the sensitive spectral range of the detector, they may be blocked by
additional filter layers. One method of providing this blocking is to use
long-wavelength filters to block wavelengths shorter than the desired wave-
length. Short-wavelength pass filters can be used to block all wavelength
longer than the desired wavelength.

The use of a long-pass and a short-pass filter pair can define a bandpass.
Usually the resulting filter slopes are rounded and do not provide a precise
spectral interval.

For applications requiring a broad spectral interval with sharply defined
edges, a "square band' filter design is possible by using the general layer pat-

tern of (HL)™ LL(HL)™ ... LL(HL)™. The overlapping filter skirts of the

different (HL)nr1 stacks result in a rapid decrease in transmission outside of
the desired pass band,

A series of graphs selected from reference 8 illustrate the differences be-
tween the various types of filters. These graphs, which are shown in Appen-
dix C, are for shorter wavelengths than will be utiliz ed in the radiometer;
however, similar characteristics can be obtained.

2 rhe recollector lens will be of the order of 0.10 to 0. 15 inches thick result-
in a variation in speciral transmittance of 15-30 percent over the band room
temperature, certainly much less at 200°K. The filter will be of less thick-
ness and at 15°K should be quite constant over the band.
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Figure 73 shows the relative spectral energy distribution N(}\) of a 194°K
blackbody source, approximation to the atmospheric CO_, emission charac-
teristic. The respotfse of the radiometer when measurifig this source

will be

R =f N(N) S(N) v (M) dr
o F

For simplification it may be assumed that N(\) is constant over the 14-to 16-p
region. The error in this assumption may be calculated by

16 16

j dn -f N () dn
14 14
E = 16
d\

14

a3 0.25%

Utilizing this assumption, the radiometer response may be reduced to

R =£ SN T (Mg dx

where, as above S(\) is the spectral sensitivity of the Ga: Cd detector, and
T(X)Fis the spectral transmittance of the spectral filter.

The ideal rectangular response function was shown to be achieved with the
Ge:Cd detector and the filter transmittance of Figure 74. Appendix C data
shows that this spectral response function may be approximated with the
exception of the infinite slope of the sides of the function. Therefore, the
approximate error may be calculated by assuming sides of nominal shape
for the spectral transmittance function T(N)g . This calculation was per-
formed with the filter function shown in Figure 74. Shown here are the
ideal function, as in Figure 72, and the assumed function for a filter that
could be fabricated. If the filter were assumed to have the ideal transmit-
tance function when, in fact, it had the assumed function of Figure 74, the
error may be calculated by solving the equation

R =J N () S T (Mg dr
o

for each of the two filters. This calculation shows that a one percent error
would result which is equivalent to requiring radiation in that region to have
100 percent modulation to produce a one percent uncertainity in the in-board
measurement. Comparison of the assumed function of Figure 74 and the
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fqnction shown in Appendix C, Figure C2 will show that the slope of the
sides of the two curves are approximately the same; thus this filter can be

fabricated.

Although the spectral filtering system will be designed to match this ideal
response as closely as possible, the spectral response function of the radio-
meter will be measured as part of the calibration procedure. Theonly re-
gidual error will then be the accuracy of this measurement. This is the
error against a rather idealized source, the 194°K blackbodv, which is a
gross approximation to the actual spectral content of the horizon radiance.
The latter is highly structured in the band, can vary its effective temperature
as a function of tangent height,and be highly modulated by other atmospheric
constituents in neighboring spectral intervals. Demonstration of the total
measurement error due to convolving the instrument spectral response with
the spectral characteristics of the horizon radiance will have to be done by
computer simulation over the range of applicable variables, including tan-
gent height, latitude, season, etc. as well as for various filter shape and
skirt attenuation factors. The intent of the foregoing analysis was to indi-
cate feasibility of the requirement considering just the uncertainties
associated with the instrument characteristics.

Effect of filter temperature at angle of incidence. == The spectral trans-
mittance ol a filter is usually calculated for normal incidence, collimated
radiation. When the filter is used in a converging or diverging cone of ra-
diation, there will be a shift in spectral bandpass. Since those rays which
are incident off the normal traverse a longer path through the filter layers,
the spectral transmission shifts towards the shorter wavelengths. This
effect is however, not as severe as oblique collimated radiation me asure-
ments would indicate since only a portion of the energy is incident at the

full cone angle.

Cooling a filter increases the germanium substrate transmittance slightly
and decreases the film thickness; as a result, the peak transmittance shifts
toward shorter wavelengths. Therefore, the filter design must be matched
to both the incident angle and the operating temperature.

Appendix D (ref. 9) contains details on the effects of incident angle and tem-
perature on the filter characteristics.

A broad-band filter will be coated on the surface of the re-collector lens to
reduce the head load on the detector assembly elements. If it is assumed
that a 12-to 18- filter is used, approximately 1/ 3 of the radiation from

the horizon will impinge on the cold filter so that the heat load on the de-
tector cooler is reduced by this factor. The data of Appendix D show that
variations in the angle of incidence or variations in temperature shift the
entire bandpass of the filter with very little effect upon the shape of the
spectral {ransmittance function; therefore, no error will result from these
variations since the pass band of the re-collector!'s filter will be considerably

wider than the 14-to 16-u bandpass which is being measured.
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The spectral filter itself will not introduce an error from temperature vari-
ations since it is cooled by the solid-cryogen cooler. The data in Appendix
D show that rather large temperature variations are necessary to affect any
noticeable change of the spectral transmittance of the filter. Since the de-
tector cooler controls the temperature of the filter, such large variations
are not possible.

An error could result from the variation in the angle of incidence with which
the radiation impinges on the spectral filter. This effect can be eliminated
however, by coating the filter on a curved substrate. If the radius of
curvature of the substrate is equal to the distance from the substrate to the
detector, all rays from the re-collector lens will strike the filter at normal
incidence. The back surface of this filter substrate can also be curved so
that its radius of curvature is equal to that of the front surface. This con-
figuration will result in a classical lens design with zero power.

CHOPPER

The chopper function is to translate the information bandwidth which extends
from dc to 1600 Hz to a sufficiently high center frequency such that the
system is free from the effects of low frequency detector noise and drifts.
This is done by optically modulating the incoming radiation prior to its
incidence upon the detector.

The most straightforward chopping technique from system considerations
has resultant modulation from a value, which can validly be referred to as
zero, to the value of radiance to be measured. When, however, the in-
coming radiation includes spurious, varying components, this becomes
impossible. In the current radiometer design, spurious radiation is of two
types: stray radiation from points on the earth and other sources outside
the instantaneous field of view, and internal emission from elements of the
radiometer. If these sources are essentially constant over and just prior
to a profile measurement, they can be measured and become the zero re-
ference. This is indeed the case, provided the chopping technique itself
introduces no additional modulation of the spurious radiation.

Two chopping techniques were investigated. In one, the instantaneous field
of view is continuously deflected into space and back to the horizon; in the
other the detector alternately views itself and the horizon. The first approach
besides being extremely difficult to implement, suffers in that from chop to
chop the detector views slightly different parts of the radiometer interior.
The second approach is relatively simpler to implement but suffers from
gradients or hot spots on the optical elements which may be chopped at the
signal frequency. This latter difficulty is resolved if the chopping is per-
formed at the primary focus of the optical system at which point the gra-
dients are sufficiently smoothed and mixed by the optics transfer function
as to be immeasurable. Based upon these considerations the second ap-
proach was chosen.
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Chopper Requirements

The chopper parameters to be defined are chopping frequency, excursion,
and thermal/optical constraints.

Freguenc;. -- If the amplifier bandpass filter had a perfectly sharp
cut-off at Hz, the required chopping frequency, based upon the

Shannon limit, would be twice that frequency or 3200 Hz. Errors or noise
due to the filter not being perfectly sharp are approximately eq_ual to the'
value of the integral of the shaded area divided by the infor mation bandwidth

Figure 75.

This is an rms error, however, where the associated probability function
ig decidedly non-gaussian. A more useful description of the error is the
amplitude at the crossover point of the two curves. The only spectra
involved in the crossover region are those of the detector and amplifier
noise as the system transfer function has a much sharper roll-off. Hence,
it is only necessary to reduce this error to, say, 10 percent or 20 dB down
from the peak.

A barely practical filter would reach a slope of 36 dB/octive at 2000 cps at
which point it would be approximately 12 dB down. Then, the 20 dB point
would occur at about 2500 Hz, implying a chopper frequency of at least
5000 Hz. Should the chopper be marginal at this frequency, from the anal-
ysis in the section on systems analyses, a tradeoff remains against where
the 3 dB point of the filter is to be placed. A significantly lower frequency
could be used with little compromise to system performance.

ion. -- At an 80-cm focal length, the minimum detector dimen-
sion is 16 x 10”3 cm. It is desirable that the null position of the chopper
be in the totally "off'" condition, implying a peak-peak excursion of 32 x 10
cm plus whatever is necessary to account for the diverging characteristics
of the optical beam. With this approach, two chopping cycles occur for
each cycle of chopper motion.

Thermal Optical Constraints. -- To avoid the chopper producing
spurious signals the following constraints apply:

1. As little as possible of the chopper blade outside that covered
by a resolution element shall be visible to the detector in order
to minimize chopping of structure emission and stray radiation.

2. The emissivity of the chopper shall be minimized, preferably
less than 0.01, and certainly no greater than that of the field
stop.

3. The chopper blade temperature shall be within £1°K of the field
stop temperature.

4. The vicinity of the chopper shall be baffled to avoid optical
crosstalk between adjacent resolution elements.
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Alternate Chopper Mechanisms

esonant chopper studied a reed-

The initial effort for the development of a T
nium wedge attached to the tip

type three to five kHz chopper with a germa
to deflect the field of view. By setting up 2 series of approximations for
the mathematical model of the chopper, it was determined tha t. the reed-
type chopper, utilizing an efficient electrodynamic vibrator drive, was
limited to frequencies of 2500 Hz or less. The manufacturer's literature
confirms that tuning fork choppers are limited to f%“equencies below 3000 Hz
at an excursion which would permit only one ''chop'' per chopper cycle and
violate the 'criterion that null position should be the off-position.

Becausea higher frequency is required other choppers were investigated.
The American Time Products, Division of the Bulova Watch Company, have
recently upgraded a torsional pendulum scanner, to 6000 Hz with an angular
excursion of 4°, peak to peak. The radius arm above the upper torsional
mass is one quarter of an inch in length, thus providing a total tangential
excursion of 0.0175 inches. With a mirror on the end of one arm and a
counter weight placed at the end of the opposite arm, the frequency would be
lowered to not less than 3000 Hz, and the excursion would be 0.015 inches.
The mass of the mirror and its distance from the center of oscillation are
the operational factors required to determine its chopper's performance
characteristics. An experiment was conducted using a piece of brass ap-

p roximately 0. 040 x 0.040 x 0. 125 inch at the end of one arm, with a similar
weight of brass, as a counter weight placed at the end of the opposite arm.

The frequencies and amplitude were above 3000 Hz and 0.015 inch respectively.

Therefore, the frequency would be above 5000 Hz with a 0.01x 0. 01x0.08
-inch aluminum or berryllium mirror and counter weight mounted at the tips
of the arms. The power required was approximately 200 mW.

A third chopper mechanism which was considered is a rotary disc which
contains alternating mirrors and apertures. The disc which would be man-
ufactured from 0.003-inch beryllium copper is photoetched to provide the
necessary chopper spacing. A 1.4-inch diameter disc would contain two-
hundred 0.010-inch wide mirrors and spaces so that a 6000 Hz chopping rate
could be achieved by a 1800 rpm angular velocity. Although the rotating
mechanism does achieve the required chopping rate, chopper emissivity
variations over a large surface, bearings, and motor reliability cause this
system to be secondary to the torsional pendulum chopper.

Description of Recommended Chopper

The chopper consists of a torsion rod, a driving arm, 2 base, two electro-
magnetic coils, and two pole pieces. (See Figure 1). The torsion rod is
firmly attached to the base, similar to a classic torsional pendulum. A
driving arm, made of a highly permeable steel, is affixed through and
centered on the lower portion of the rod and coil is placed on each side of the
arm. The two pole pieces extend from the end of one arm, across the
chopper to the end of the other arm. These are both permanent magnets,
with their poles opposed, and with the end of the driving arms placed in the
air gaps. By inducing a current in the coils, the arm is polarized. It will,
therefore, be attracted to the opposite pole, which creates a torque, causing
the rod to twist. By introducing an alternating current into the coils, the
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driving arm will oscillate between the pole pieces, which will create an os-
cillatory angular motion in the torsion rod. The amplitude ratio will be a
function of the driving torque, the resonant frequency of the system, the

driving frequency, the damping factor, and the moment of inertia of the
torsional mass.

Because of the high frequencies involved and the many damping variables,
only an estimate of the chopper performance can be calculated. This
relationship follows the relationship of an oscillating motion exciting the
base of the system where the base is considered as the mass immediately
above the driving arm as is shown in the following equation.

.
6, . Vi+(26%)
N

- (10)
,rh)zr_ ] 2
Ll w+26—w'

n

w is the induced angular frequency

—_—

Where:

W is the natural frequency

v 1is the motion of the base
6 is the response of the torsional mass

0 is the damping factor

—S- will be greater than 1.0 up to a frequency of W, v 2.

Within this region, a small base motion will give a noticeable deflection
to the torsional mass, especially near resonance.

The motion will be sinusoidal and will follow the relationship:
6 = 0 sin(wt - ¢)

where ¢ is the phase angle, induced by the system damping, between the
base and the mass. For the best response, the damping should be small.

The motion of the base can be calculated from the torque introduced into the
lower portion of the rod. This, however, becomes a two degree of freedom
system, which tends to introduce complexities unless it is assumed that the
lower portions are much stiffer than the upper portion and, therefore, trans-
mits only the induced motion caused by the torsional oscillations of the
driving arms.
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These units can be made to withstand the environment of space without
having to undergo major changes. The primary change would be to use a
different lacquer on the coil windings. American Time Products has pro-
duced choppers for the MIT Instrumentation Laboratory for use in the
Apollo guidance and navigation system, and also for other satellite appli-
cations. They are, therefore, familiar with the rigors of this environment,
and what must be done to protect instrumentation against it. Because there
are essentially no moving parts in contact, the chopper life expectancy
depends solely upon the failure rate assumed for the coils.

The chopper, Model No. L44, which is shown in Figure 76 has a weight of 4
ounces and is 0. 5-inch square by 3-inches high. It comes in a small, sheet
metal case which may be discarded if it is operating within a temperature
range of -55° C to 85° C. The temperature limits can be extended by the
fabrication of special units, with a different coil insulation. To keep the
cross arm, or the base, out of the line of sight of the optical system, the
mirrors will be placed at a small angle to the cross arm. (See Figure 77).
This angle will be minimized to keep the motion of the mirror nearly planar.
In conjunction with the small angular excursion of the arm, the variation
from a plane motion will be extremely small.

Cooling of the chopper mirror can be accomplished by heat sinking the alumi-
num base to the spacecraft structure to conduct most of the heat developed by
the electromagnetic driving coils. By placing a cooling jacket around the
torsional shaft (which is made of beryllium copper) above the driving coils,
the shaft can be kept cool. By making the cross arm of a light metal, the
mirror can also be cooled by conduction, It will be necessary for the cooling
jacket to cool the torsion shaft solely by radiation. Otherwise, if physical
contact is made for conductive cooling, energy would be lost from the vibra-
ting system with a resulting decrease in frequency.

Although the acceleration forces at the ends of the arms are high (above

5000 g) the mass of the mirrors is very low (5 x 10-7 1b.). The shear
stresses on an adhesive under these conditions would be low. Therefore,
bonding of the mirror to the cross arm is primarily a question of selecting
an adhesive suitably adapted to the vacuum and temperature conditions
encountered in this particular spacecraft. A high strength adhesive is not
required for this application. American Time Products will bond the mirror
to the cross arms to make the proper frequency adjustments to their chopper.
The adhesive will be selected and tested under operating conditions to ensure
that it meets the environmental specifications,
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DETECTOR COOLING

The feasibility of meeting the radiometer performance requirements is
critically dependent on achieving necessary detector temperatures during the
orbital life of the mission. In the following paragraphs, a cooling system
design is developed to demonstrate feasibility and to define and evaluate
problem areas. Although requiring a development program to conform to the
specific needs of this program, the cooling system defined is within the current
state of the art.

The detector cooling requirements may be summarized as follows for the two
applicable detector materials:

Cadmium-doped germanium (first choice)
. Operating temperature 15 to 20° K
° Bias power dissipation 5 milliwatts
Mercury cadmium telluride
° Operating temperature 50 to 65° K
° Bias power dissipation 5 to 10 milliwatts

The ambient temperature shall be 200° K for both cases. In addition to
meeting the above requirements, the cooling system must handle the heat loads
imposed by refrigerator insulations, by detector mounting and leads, and
through the optical path to the detector. The cooling system must meet all
requirements over a one-year operating life in orbit.

Comparison of Alternate Types

Several methods have been considered for refrigerating the radiometer detector
to the required temperatures. The methods considered, and detailed below,
encompassed three basic techniques: passive radiation cooling to space,
closed-cycle refrigeration machines, and open-cycle stored refrigerants.

Radiation cooling. -- Studies have been made for several different space-
craft missions on the feasibility and design of detector coolers based on the
principle of passive radiation cooling to frce space. Successful radiation
cooling techniques requires careful consideration and minimization of all
heat inputs from the earth, sun, and spacecraft.

A free panel (such as the baseplate of the HDS spacecraft) can reach tempera-
tures in the range of 180°K to 200°K by merely applying coatings that minimize
the albedo absorbtion and also have a high infrared emittance. Obtaining
lower temperatures on this panel (which is never irradiated directly by the
sun) is prohibited by the radiant heat transfer between the panel and earth,
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Cooling of panels to lower temperatures requires that the earth input be reduced

either by increases in orbital altitude or specially designed shielding techniques.

Construction of an adequate radiation cooler for the spinning HDS spacecraft is
not practical. If the spacecraft were operated in an earth-oriented mission
mode, a cooler and shield could be designed to achieve 70°K to 30°K tempera-
tures. Highly sophisticated designs have also been conceived to reach
temperatures as low as 40°K for an earth-oriented spacecraft in a 600 n. mi.
orbit.

Radiation cooling of the doped-germanium type of detectors, with operating
temperatures in the 4°K to 30°K range, cannot be practically considered, and
the HDS mission rules out practical radiactive cooler designs for 80°K
operation.

Closed-cycle refrigeration. -- Consideration has been given to the use of
miniature, closed-cycle refrigeration machines operating on Sterling or Bray-
ton cycle principles. These machines, with input powers in the range of 20 to
40 watts, are now available for ground-based operations and cool detectors
to the 50°K to 80°K region. Operating reliability generally rules out the use of
these closed-cycle machines; the best projected operating lifetimes is in the
range of 1000 to 3000 hrs.

There are other developments being made in the long-lifetime, closed-cycle
refrigerator concept, but they are not yet reduced to practical and operational
equipment. In addition, these machines are generally not applicable for the
low temperature requirements of doped-germanium detectors.

Open-cycle stored refrigeration. -- Two general forms of open-cycle
refrigeration are presently available: Joule-Thompson expansion of high-
pressure stored gas, and stored solid or liquid cryogens. No further consid-
eration will be given to the Joule-Thompson expansion process, since the gas
storage requirements for one-year operation are not practical.

Stored liquid cryogen is a commonly used method of refrigeration for ground-
based operations, but would suffer in a zero-gravity environment due to the
problems of providing a proper liquid-vapor phase separation. However, a
properly designed solid-cryogen refrigerator is capable of retaining the
refrigerant while dissipating by sublimation the thermal inputs to the
refrigerator.

It is in this principle of the expendable solid-cryogen storage refrigerator
that suitable means for cooling of the doped-germanium detector will be found.
There remains the significant problems of the proper conception and execution
of a refrigerator design that will satisfy the HDS mission requirements, In
an effort to define a suitable refrigerator, adesign study has been performed
and is reported in the following paragraphs.

178




Design Analysis of Solid~-Cryogen Refrigerators

lnfroduction. -- The only systems presently capable of providing practical
refrigeration of on-board infrared detectors for long-term missions are those
employing either solid or liquid cryogens. Of the two systems, a cryogen in
the solid state is more favorable than the same cryogen in the liquid state for
the following reasons:

° In the zero gravity conditions of spacecraft, there is no venting
problem in the case of solid; whereas for the liquid phase,
there could be two phase or liquid venting.

. In the solid system, the latent heat of fusion is available for
refrigeration. This is a 10- to 15-percent gain in refrigeration
capacity for most cryogens. Also, there is a 10- to 15-percent
gain in density in the solid phase which permits construction of
a smaller, lighter system.

Basically, a solid-cryogen refrigeration system consists of a container initially
filled with a solid cryogen which is coupled thermally to an external load in
this case an infrared detector by means of a link of high thermal conductivity
extending from a heat exchanger within the cryogen container. The cryogen

is chosen so that the desired detector temperature is maintained at some
appropriate value by controlling the vapor pressure over the solid. Pressure
control is achieved by controlling the venting rate of the subliming vapor to the
surrounding space environment, All extraneous heat leaks to the solid cryogen
should be minimized in order that the principal thermal load on the solid
cryogen is due to the infrared detector. This is accomplished by isolating the
solid cryogen from its warm surroundings by a vacuum space filled with a
multilayer insulation.

The aim of the present design analysis is to provide two different, optimal solid-
cryogen refrigerator systems. Each system is to provide approximately 5 mW
of infrared detector cooling; one system is to provide cooling at 15 to 20°K,
whereas the other system is to provide the requisite cooling at 60 to 70°K.
These systems are to be optimized from the standpoint of possessing minimum
volume and weight and having high reliability. At the same time, the vapors of
the cryogens to be used should not have any infrared absorption characteristics
in the 14-to 16-u region; otherwise, the refrigerator system might interfere
with the infrared system for which it is used.

The choice of the optimum cryogen depends on the particular detector operating
temperature desired, Thermodynamic characteristics of the various cryogens
having high latent heats of vaporization are indicated in Table 18. For a given
cryogen, the highest operating temperature of the solid phase is defined by its
triple-point temperature; the lowest is defined by the vapor pressure over the
solid required to vent the flow of vapor due to the total heat load on the solid.
The vapor venting rate is limited either by venting line conductance or the
presence of choked (sonic) flow in the venting line. If the diameters of the
venting lines are significantly increased to permit venting at a lower vapor
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TABLE 18. - REPRESENTATIVE SOLID-CYROGEN CHARACTERISTICS

[From refs. 9, 10, and 11]

Operational solid Latent heat of
Cryogen temperature range, sublimation, Density
K cal/cm3 g/cm3
(a) (b) (b)
Hydrogen 13.8 - 8.3 9.71 0.09
Neon 24,5 - 13.5 25,2 1,495
Nitrogen 63.1 - 43.4 58.8 0.98
Carbon monoxide 68.1 - 45.5 75 1.04
(c)
Argon 83.9 - 47,8 82.1 1.7
Methane 90.7 - 59.8 73.5 0.5
Ethylene 104 - 95 123 0.73
Carbon dioxide 217.5 - 125 246 1.7
Ammonia 195.4 - 150 350 0.73

qLower operating temperature point taken as solid temperature corresponding
to equilibrium vapor pressure of 0.1 Torr,

Pyalues of latent heat of sublimation and solid density taken at lowest
temperature point.

“Values for latent heat of sublimation and density taken below solid phase
change at 62°K,
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pressure, or an equivalently lower solid temperature, then an increased radi-
ation heat leak to the solid via this enlarged opening will result. As a practical
rule of thumb, the lowest solid-vapor pressure is in the 0.1 to 0.01 Torr range.
In Table 18, a solid temperature corresponding to solid-vapor pressure of 0. 1
Torr is arbitrarily considered to be the lowest solid operating temperature,

If lower operating temperatures are desired for a particular solid cryogen, a
careful analysis of the largest venting line conductance permissible must be
made by taking into account the change in system thermal performance due to
its presence. However, at the pressure considered here, a decade rednction
in the vapor pressure results only in approximately 10 percent reduction in

the solid temperature. At the same time, for a fixed venting tube length, the
cross-sectional area is increased by a factor of approximately three,

It is evident from Table 18 that for infrared detector systems operating in the
60 to 70°K temperature range, methane is the best choice for a coolant since it
possesses a latent heat of vaporization per unit volume approximately as high
as any competitive cryogen and yet has a very low density. At the same time,
neither methane nor neon have infrared absorption in the wavelength region
between 14 and 16 microns. Methane has absorption bands in the region of 2. 3,
3.3, and 7. 7 microns only (ref. 12). A solid-methane cryogen refrigerator
will, therefore, be chosen in the optimization of an infrared detector cooler
unit for 60 to 70°K detector cooling in the present study.

It is apparent from Table 18 that the solid cryogens for which temperatures
below 20°K may be readily obtained, i,e., hydrogen and neon, have much lower
latent heats of sublimation per unit volume than the higher temperature solid
cryogens listed in the same table. This makes dual-cryogen refrigerator
systems possible in which a cryogen possessing a lower latent heat of sublima-
tion is used for the lower temperature detector cooling while a higher tempera-
ture, higher latent heat cryogen is used as a thermal guard material. Ina
dual-cryogen system, the cryogen used for the detector cooling will be designa-
ted as the primary coolant; whereas, the cryogen used in its thermal protection
system will be designated as the secondary coolant. The supports for the
primary container are thermally grounded to the secondary-coolant container
so that the temperature difference between their ends and, therefore, the heat
flow from the secondary to the primary coolant is small. The only other
significant heat input besides the detector cooling to the solid primary coolant
is due to radiation from the low-emittance boundary surrounding the primary-
coolant container, which is maintained at secondary-coolant temperature. As
will be later discussed in detail an optimal system for the present detector
cooling requirements is a dual-cryogen refrigerator system using solid neon
for the 15 to 20°K detector cooling and a solid-methane thermal protection
system maintained at 60°K. The neon-methane system will require approxi-
mately 6.6 1bs (3000 g) of neon which will occupy a container volume of 2200 cm3,

If hydrogen were used in place of neon, its weight, for the same detector heat
load, would be only one lb (refer to Table 18). This would apparently rule
strongly in favor of hydrogen instead of neon. However, the container volume

required for hydrogen would be 5700 cm3, which represents significant increase
in refrigerator volume. As refrigerator volume increases, the area of outer
insulation and the heat transfer to the secondary cryogen also increase. Thus,
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the required mass of the secondary cryogen increases as well as its container
insulation weight. Altogether, this additional weight is about four lbs. Thus,
for a hydrogen system there is a system weight reduction of about 2. 3 lbs,
However, this reduction in the refrigerator weight (approximately 10 percent)

is believed to be offset by the corresponding increase in system volume, the
increased difficulty in servicing a solid-hydrogen unit, and the added hazards
associated with hydrogen. In regard to the servicing operation, as will be
discussed later, approximately 100 liters of liquid helium are required for the
production of solid neon and solid methane in a neon-methane refrigerator.

Over 500 liters of helium would be required in a hydrogen-methane refrigerator,
due to the high, gaseous specific heat of hydrogen. Not only is this an inordinate
amount of helium, but also the servicing time would probably be lengthened

from two to three hours to ten hours or more. Thus, in the present system,
neon was chosen as the primary coolant in the 15 to 20°K refrigerator. Neon

is a monotomic gas, and thus has no molecular vibrational modes. No definitive
data have been located by inspection of the standard reference books. However,
the knowledge that electronic absorption is accompanied by high-energy transi-
tions tends to confirm the inference of the reference books that no neon infrared
absorption occurs for wavelengths longer than one to two microns.

Good thermal contact between the detector and solid cryogen is provided by a
link of high thermal conductivity extending from the detector to a heat exchanger
embedded in the solid cryogen. The heat exchanger between the solid cryogen
and the thermal link to the detector is formed either from thin sheets of copper
foil or sections of expanded copper foam soldered to the thermal link rod and
embedded in the solid cryogen. It can be shown that as the subliming solid
recedes from the heat-exchanger surface for normal detector refrigeration
loads the gaseous conductivity of cryogen vapor is such that a reasonably small,
total heat-exchanger area (=several square feet) is sufficient to keep the detector
within a few tenths of a degree Kelvin of its operating temperature. If better
long-term temperature control is required, then a servo-controlled throttle
valve, keyed to the detector temperature, can be used to control the venting-
line conductance for long-term temperature regulation.

The temperature of the solid cryogen can be regulated either by direct control

of the pressure over the solid or by controlling the mass venting rate of the
subliming vapor. Direct pressure regulation is obtained by controlling the
venting with a pressure-actuated diaphragm located at the vapor venting line
inlet; however, this technique does not operate well at low pressures. Fortu-
nately, the principal heat load on an infrared detector is due to the steady heat
dissipation produced by the detector bias current plus the heat flow through the
system insulation and supports. Changes in the radiant heat load incident on

the detector results in small fluctuations of the total solid-cryogen heat load.
These power fluctuations can be accommodated by a simple, passive temperature
regulation scheme, In this system, the venting line for the cryogen vapor is
critically sized so that for a specified cryogen vapor pressure, which deter-
mines the detector temperature, the resulting mass flow of vapor due to the
total cryogen heat load is just accommodated by the vent line conductance. If
the heat load to the detector is then increased or decreased, a new equilibrium
vapor pressure must be established over the solid to accommodate the new mass
flowlrate. It can be shown that the resulting required temperature changes are
small,
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The structural and thermal design of a spacecraft sublimating solid refrigera-
tor are not two independent tasks. In fact, the rigidity required of structures
to withstand the ascent environment is in distinct contrast to the thin-walled,
low-conductivity supporting members used in cryogen storage containers.
Hence, in any minimum weight, flight-qualified, solid-cryogen refrigerator
system there must be a strong counterplay between the thermal and structural
requirements of the systems. In the present system, emphasis will be placed
on titanium or dacron taut-wire suspension systems and support columns of
glass filament wound, epoxy-reinforced materials. These systems and/or
materials provide high strength support systems possessing low thermal
conductivity.

Thermal design of solid cryogen refrigerator. -- The thermal design
aspects of two different solid-cryogen refrigerators are discussed below. One
system provides infrared detector cooling in the 15 to 20°K temperature range,
while the other unit provides 60 to 70°K detector cooling. These systems are
optimized from the standpoint of satisfying the above detector cooling require-
ments with systems having minimum volume and weight. Basic thermal ground
rules assumed in this optimization are that 5 mW of cooling must be provided
in each unit for the infrared detector bias current heating and that the refrigerator

will view 200°K surroundings.

Thermal design of solid-cryogen refrigerator for 15 to 20°K operation: As
discussed earlier, the primary coolant for a solid-cryogen refrigerator for
15 to 20°K infrared detector cooling must be either neon or hydrogen. A system
employing neon was chosen for the present infrared detector cooling require-
ment of 5 mW. The basic configuration of the refrigerator for this analysis is
shown in Figure 78. The container for the solid neon is surrounded by an
annular container for the secondary cryogen. The inner walls of this container
along with end plates provides a low temperature radiative boundary for the solid
neon coolant. The neon container is supported by a taut-wire suspension system
from the secondary-cryogen container. A low temperature difference is thus
provided across the ends of this support system and, therefore, low thermal
conduction along these members to the neon container. The secondary cryogen
is thermally isolated from its 200°K surroundings by a blanket of high-perfor-
mance multilayer insulation two-inches thick. The entire refrigerator is
supported by a single, tapered, glass filament wound, epoxy-reinforced column
which extends from the plate at the upper end of the secondary-cryogen container
to the refrigerator mounting flange. All fill and vent lines for the cryogens,
as well as the thermal link to the detector, are routed up the interior of this

column,

All of the cryogens listed in Table 18 with the exception of neon and hydrogen are
potential candidates for the secondary cryogen used for the thermal protection
system. However, in order to reduce the radiant heat load on the neon and,
therefore, the neon mass, the secondary-cryogen temperature should definitely
be kept below 100°K. This fact eliminates carbon dioxide and ammonia as
candidates. Of the remaining cryogens, methane and ethylene are the best
candidates since they have high latent heats of sublimation per unit volume and
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yet possess very low densities and thus lead to a low-weight thermal protection
system. As indicated, the secondary cryogen is contained in an annular con-
tainer surrounding the neon container. The inner diameter of this secondary-
cryogen container is fixed by the diameter of the neon container and the additional
requirement for a 1.85-cm (0. 725-inch) gap between the containers as indicated
in Figure 79. This gap provides a space for routing the various fill, vent, and
coolant lines, as well as for the neon-container support system. The height of
the annular, secondary-cryogen container has been chosen arbitrarily to be

25 em. Thus, the volume of the secondary-cryogen container is basically a
function of its outer diameter. Figure 80 shows a comparison of the mass
requirements of methane and ethylene as the secondary cryogen for the neon-
thermal protection system. For both methane and ethylene, curves are presented
in Figure 80 indicating the mass of each of these cryogens contained in the
annular secondary-cryogen container as a function of its outer diameter. Also
curves are presented indicating methane and ethylene mass requirements for
one-year operation as a function of the heat load on the secondary-cryogen
container. As will be subsequently discussed in detail, this total heat load is
determined by two factors:

° A fixed thermal energy transport due to radiation and conduction
down the refrigerator support column.

° The heat load through the insulation system which is a function of
the container size.

These heat loads are not the same for methane and ethylene. In the case of
methane, the temperature difference across the support and insulation system

is 200-60 = 140°K; whereas for ethylene, this temperature difference is 200-90

= 110°K. The intersection point, for each cryogen, between the curves in
Figure 80 defines the mass requirements for each cryogen for one-year opera-
tion. The methane mass requirement is 3.82 lbs (1730 g); whereas, the
ethylene mass requirement is 2.42 1bs (1100 g). Thus, the methane mass
requirement is 1.40 lb (630 g) greater than the ethylene mass requirement. The
increased methane mass and resulting increased refrigerator volume for methane
as compared to ethylene increases the total refrigerator weight, excluding the
neon weight, by 3.4 lbs (1. 4 1bs methane, 0.2 lb methane container, 0.2 1b
insulation, and 1. 6 lbs refrigerator vacuum container) over the ethylene case.
Although the weight requirements for the thermal protection system are greater
in the methane case than the ethylene case by 3.4 lbs, the lower operating
temperature of methane, 60°K as opposed to 90°K for ethylene, reduces the
radiant heat load on the neon by a factor of 6.5 and the conductive heat load
through the support system by 40 percent. The additional heat load on the

neon for an ethylene-thermal protection system would increase the neon mass
requirement by 5 lbs or more. This latter factor rules in favor of a methane

thermal protection system.

» Sizing of Primary Cryogen Mass

Sufficient neon must be provided to withstand all heat loads for an operating
period of one year. The thermal loads on the neon are due to:

185



Coolant lines

15°K detector
\‘\ /— Neon vent tube

Methane vent tube _\ﬂ /Suppon tube
I
/2

Quter case

Methane

can

support

plate
Coolant
passages

Multilayer insulation -_/ Expanded copper foam for

improved heat transfer
Copper rod
Supporting threads

Figure 79. Schematic of Neon-Methane Refrigerator

186




10 000

Methane mass required to support -
all heat loads on methane container 4+

/for 1 year - - AA

/-A’ = /\

P /
-
1000 £ Ethylene mass required to

7 support all heat loads on
7/ ethylene container for 1 year
7
4 \_

Methane mass for
Y2 filled container

Secondary cryogen mass, g

Ethylene mass for
+ filled container

100

15 16 17 18 19 20 ¢1

Container diameter, cm

Figure 80. Secondary Cryogen Mass Requirement for Neon
Thermal Protection System

187



° Detector, including conduction through supports and radiation to the
detector, and radiation to the copper rod, as well as the resistive
heating from the bias current.

° Radiation exchange with the secondary cryogen.
° Conduction through supports system.
An efficient parametric approach is possible provided the radiation is con-

sidered at the outset. For either diffuse or specular radiation inside the
concentric cylinders, the net radiative exchange to the neon is given by

4 4

A9 =0 A1 Fio (T1 -T2) (11)
where the exchange factor is given by
€€
F 172
12 A1
+ 1 (1-
& x, (1 €2)€1 (12)

The formula for qy9 is accepted as a reasonable estimate of the radiation,

even in the case of finite cylinders, because the separation is small. The
surfaces are gold coated to provide for very low emittance, particularly at
temperatures below 100°K. Taking e, = 0.02 (60°K) and € = 0.01 (15°K)

(both conservative values) - see Figure 81 and a nominal value of A1/A2
= 0.8, then F12 = 0.007. Taking Al’ the area of the neon container, a

value of 1000 cm®, a value which is typical of the final design value, it fol-
lows that dq9 = 0.65 mW It is convenient to adopt a constant, conservative

value for the radiation to the neon so that the detector and support thermal
loads can be studied parametrically. The value of 99 calculated aboveis

assumed to provide conservative design, only to be less than 1 mW for a
65°K secondary of cryogen.

Figure 82 shows the mass of neon required for the various detector loads
(bias, conduction, and radiation) as a function of heat conduction through the
neon container supports. The data for Figure 82 is for a low pressure

(< 1 Torr) heat of sublimation for neon of 105.2 joules/g. The actual cooling
requirements for the detector assembly are summarized below:

Detector bias current heating 5.0 mW
Radiation to detector 0.91
Radiation to thermal link . 0.11
Conduction through detector supports 0.42
Total 6.44 mW
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The various heat inputs to the detector assembly, excluding the bias current
heating which is simply an assumption in the thermal design, will be justified
in detail subsequently in the present analysis.

It will be shown that a support system of 16 Dacron filaments 0.024 inch in
diameter will provide sufficient support for the neon container. These fil-
aments will support the neon container from the methane container. Each
support is 1. 15-inches long (2. 9 cm), the temperatures at the ends of each

of these supports are 15°K (solid-neon temperature) and 60°K (solid-methane
temperature), and the total heat transfer through each support is less than
0.18 mW The value for this conduction term will be taken to be 2 mW. The
heat leak down the heat-exchanger tubing is calculated to be 0.6 mW, com-
prising 0.5 mW from the exterior and 0. 1 mW from the neon can - methane
can link. The heat leak along the vent tube is neglected at this stage since the
venting gas will eliminate it almost entirely. Then, the total heat load on the
neon will be taken to be 1 mW (radiation) + 2 mW (supports) + 0.6 mW (heat-
exchanger lines) + 6.44 mW (detector) = 10.04 mW (total heat load). There-
fore, for 5 mW bias on the detector, the total thermal load on the neon is
taken to be 10 milliwatts, a conservative value for this particular bias current
rent heat rate. This means that 3000 g (6.6 1lbs) of neon are needed. The
3000 g of neon is contained in a cylinder whose length L is twice the diameter,
D. The dimensions are L. =22.4 cm(8.64 in) and D = 11.2 cm (4.32 in)
where the container is 10 percent oversize to provide for internal heat ex-
changers and achievement of less than maximum neon density. The high den-
sity of neon means that minor increases in the mass of the neon made by in-
creasing the neon-container diameter-will not alter its dimensions signi-
ficantly . Finally, it is noted that the surface area of this neon container is
about 900 cm2 which justifies the earlier assumption of the area used in the
estimate of the radiation to the neon container.

» Sizing of the Secondary Cryogen Mass

The thermal load on the methane container is from the following three sources:

e Conduction and radiation through the multilayer insulation system.
o Conduction down the access column..
o Radiation down the access column.

Some of the energy entering via the access column is intercepted by the vent-
ing gases. A calculation of this convection cooling is made at the end of this
section.

An estimate of the effective thermal conductivity ke of a multilayer insulation

system applied to the refrigerator is based on the following considerations.
Double aluminized mylar multilayer insulation systems using Tissuglas re-

-7 -5
sulted in insulation conductivities of 5.2 x 10 W/cem-°K (3 x 10 Btu/hr_'-
ft-R) when applied to previous solid-cryogen refrigerator systems operating
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with a 300°K outer-boundary temperature. Further, the conductivity of this
insulation system has been determined as function of outer-boundary tem-
perature in a number of tests. Based on this knowledge, the multilayer in-
sulation conductivity for the present design should be 1.3 x 107 W/cem-°K

(0.75 x 10.“5 Btu/hr-ft-°R). However, a more conservative insulation con-

ductivity of 2.17 x 107 W/em-K (1.25 x 10 ° Btu/hr-ft-°R) is utilized for
the present design. The conduction and radiation through the insulation is
given by

AT

ns - keAKX_ (13)

where |A lis the average area ofthe insulation in cm2. This average area
is conservatively calculated using the average area of the methane, con-
tainer, and the outer area of the insulation, where the area of the insulation
is that required to provide an insulation blanket two-inches thick on the re-
frigerator. Taking the diameter of the neon container to be 4.4 in. (11.2
cm), its height to be 8.8 in. (22.4 cm), and making provision for an 0.73 in.
(1.85 cm) clearance between the neon and methane containers (See Fig. 79),
it follows that the average insulation area in cm? is given by

T +2smD_+2 (D +10)2 + 351D
2 o O (0] (o]
A =
2
=L pZ +35nD  + 257 (14)
2 0 0

where Do is the outer diameter of the methane container in cm. The total

heat load on the methane container in one year is

q = 3.17 x 10"

where q;  is defined in equation (13) and | q, | is the total thermal load by
conduction and radiation down the support column which will be shown to be

16.8 x 10-3 W1{(16.8 mW). The mass of methane required to support this
one year's total heat on the methane container is given by

Q. + q,
2¢  Ying
=9 = 3.17 x 107 (15)

where ‘u{‘ is the latent heat of sublimation of methane in J/g(6.15J/g). On
the other hand, the total mass of methane in grams contained in the annular
methane container is given by
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m = e .{_}D‘é (25) - %(14.9)2 (25)}

6.25 T e (D(2) - 222) (16)

where | e | is the density of methane in g/cm3 (0.49 g/cm3) The simul-
taneous solution of equations (15) and (16) is accomplished graphically in
Figure 80 for methane and ethylene. The results for both systems appear
in Figure 80.

The support column is a slightly tapered (conical), reinforced (glacs fila-
ment wound), epoxy material. A mean thermal conductivity of 2.08 x 10~
W/cm-°K (0. 12 Btu/hr-ft°R) in the 60 to 200°K range is a reasonable value
(ref. 14). From structural considerations, a tube of 0.020-inch thickness
and 1. 19-inch mean inside diameter with a length of 4.5 inches is acceptable.
(This structural analysis will be discussed later. Under these conditions

the cross-sectional area for heat transfer is 0.48 cmz, and for the AT of
138°K, the thermal load due to conduction is 14 milliwatts.

To estimate the radiation down the support column, the results of a Lockheed
study for radiation down tubes is used (ref. 15), Figure 83 shows pertinent
data for conduction and radiation down a tube. This figure indicates a
function of the dimensionless ratio of "radiation conduction' to solid con-
duction for various L/D ratios of tubes and the ratio of the solid conduction
plus radiation heat transport down a tube to the solid conduction. This data,
therefore, constitutes a solution of the coupled radiation and solid conduction
heat transport down a tube. The various parameters entering into this
analysis are defined as follows:

D = outer diameter of tube

L = tube length

d = tube-wall thickness

k = thermal conductivity of tube-wall material
'Iéo= temperature at tube hot end

Tsi= temperature at tube cold end

€m™ effective emittance of tube hot end

€™ effective emittance of tube cold end

Using an emittance ratio (see Figure 83) of 1.0 and taking | e = 0.1, the
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2
parameter | erTso‘D /k6| has a value of 0. 12 so that the curves give
(qrad * qong )/qcond = 1.2 so that | Qg = 2.8 mW. Total radiation and

conduction is approximately 16.8 mW The above value of |q d‘ is re-
. . . . ra
latively insensitive to the exact values of |e,, ¢, and IT_ /T .| so that
E "w so "si

the present value of ‘qrad‘ should be quite exact.

e Thermal Capacity - Convection Capability of the Vented Gases

Considerable heat can be intercepted by the vented gases provided cap-
ability for heat transfer exists. Very low flow rates and low Reynolds
numbers, on the order of one (1), limit the size of the convective heat
transfer coefficients. From the clagsical Graetz-Nusselt problem, an
estimate of the Nusselt number is provided by

hD N 4 (17)

which can be converted into expressions in terms of tube diameter
expressed in cm:

_ 0.6 milliwatts o
hlS,N = 5= 5 (neon, 15°K)
.em -°K

- 1.48 milliwatts (neon, 200°K)

hooo,N D em? -°K

- 0.12 milliwatts ( methane, 60°K)

60,M D cm? -°K

0.8 milliwatts ( methane, 200°K)
D ° cm? -°K

200, M

h

Assuming D ~ 0.5 cm for each gas, average convective coefficients
of 2, and 0.9 milliwatts/cm2-°K for the neon and methane, respectively

are calculated. For tubes of 10 cm in length, and A TN ~ 20°K for the

neon and A T = 10°K for the methane, the transfer capability is much
larger than né\gded. Actually, this shows that the thermal capacity of the
neon and methane is the limiting quantity. By a straightforward calculation,
the total capacityZ on the flowing neon and methane is
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7 = . g + h
é %eon /6 methane ~ 25 milliwatts

Unfortunately, the radiation load of 2.8 milliwatts down the interior of
the main support tube is the only heat rate that the tubes can intercept
without providing some means of thermal contact with the support column.
If such provisions were made, the net heat load down the column could be
almost totally intercepted.

» Sizing of the Copper Thermal Link

A copper rod is used to conduct the thermal energy from the detector to the
neon refrigerant. Using the relation

KAAT

AX

and assuming a rod length of 12 cm, a conductivity of 12 W/em-°K, for
copper at 15 to 20°K and a detector heat load of 7 mW, then, for an allowed
temperature drop down the rod given by AT = 0.5°K the rod diameter is
1.3 mm. Since 1.3 mm is rather slender, a link diameter of 2 mm has
been selected. The radiation heat load on the thermal link may be cal-

culated utilizing equations (11) and (12).In this case A1/A2 =0.132/2.5

A =

= 0.053, ¢, =0.01, €g = 0.1, T2 = 200°K, and T1 = 15°K; this

1

assumes the interior of the support column is coated with a low emittance
surface. This gives dyg9 © 0.25 mW; this was assumed to be 0.35 mW to

be conservative in the previous analysis of the total neon heat load.

» Vent-Tube Sizing and Establishment of the Primary and Secondary
Cryogen Temperature

The mass flow rates through the vent tubes are extremely small and the flow
is laminar. Indeed, for a 5 mW detector heat load design, the mass flow

rates of the neon and methane are respectively m oon 7.3x 10 glsec

and m =5 x 10-5 g/sec, and the Reynold' numbers are of the
methane

order of unity (1) for venting tubes greater than 0.2 cm in diameter.

The flow relationship for the tubes is as follows:
L]
P-P = 1223 m4p L
o 5 D

where -;-) and B the gas density and viscosity, are evaluated at some mean
temperature. Venting is to a vacuum so PO >(0O. The density obeys the

perfect gas relation, p =PM/RT = PM/2RT| where a mean temperature
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and pressure of the venting gas is used and \Ml is the molecular weight.

Expressing these results in terms of the vent-tube sizing factor D4/L, it
follows that

4

D [ ]
I = 256 m RTp (18)

TMP2

For the particular case of the neon can: -

T = 90°K (P = 0.2 Torr)

100y poise (=10-4 g/cm-sec)

L=

. 7

m = 8.314x 10’ ergs/mole-°K

g‘f _1.26x 107% (19)
L 2 ’

P

where P is in Torr

Figure 84 indicates the vapor pressure of neon as a function of temperature.
For example, if P = 0.2, which as indicated in Figure 84 corresponds to a

neon temperature of approximately 14.5°K, then, from the above equationD4
/L =31.5cm3 and for L =30 cm (which is the anticipated venting tube
length for the refrigerator) D = 0.56 cm. In Figure 85, the solid-neon
operating temperature is for various values of the venting tube length. The
curve for L = 30 cm should be characteristic of the present design. The
neon operating temperature, is therefore, simply fixed by a choice of the
dimensional characteristics of the verting tube.

For the particular case of the methane can:-

T =100K

|-_x = 50 poise

m =55 x 10-5 glsec

ot .5.04x107" (20)
L. . PZ

where P is in Torr
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The operating temperature for methane should be fixed as low as is possible.
This is because the lower the methane temperature, the lower the radiation
load on the neon and, therefore, the lower the neon mass requirement. A
graph showing methane vapor pressure versus temperature is presented in
Figure 86. As indicated by this graph, using the rule of thumb discussed
previously, that the lowest operating pressure is fixed by the venting system
at approximately 0.1 Torr, it can be seen that the lowest operating tempera-
ture for the methane would be about 60°K. In Figure 87, the methane venting
line sizing given by equation (20) is presented graphically. It can be seen that
for venting tube lengths of 30 cm, which is the anticipated venting tube length
for the present system, and for a venting tube diameter of 0. 7 cm, the methane
operating temperature would be 60°K. The narrowest part of the support tube
has a diameter of about one jnch, thus, there may be a geometrical conflict
if all the vent and service lines are to pass through this member with good
clearance. A possible solution would be to use shorter overall lengths, a
choice which should be made during the design of hardware. The present
calculations may be used in making choices at that time.

Design characteristics of the solid-neon, solid-methane system are summa-
rized in Table 19. The insulated refrigerator will be approximately 12 inches
in diameter and 16 inches in height. Total weight of the neon-methane system

will be approximately 26 pounds.
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TABLE 19.~ PRELIMINARY SIZING OF A 10mW, 15°K REFRIGERATOR?

Sensor requirements

T, °K 15 to 20
Duration, years 1
Total heat load, m 6.4

Refrigerator requirements

Refrigerants 3 Neon Methane
density, g/cm 1.495 0.49
latent heat, joules/g 105. 2 615
Containers
volume, cm” 2200 3600
dimensions, ¢m 11.2 0.d. x 22.4 high 14.94i.d. x 20.10.d.

x 25 high

mass, grams
refrigerants 3000 1600

Heat rates, milliwatts

0.6

1.

Heat exchanger lines
Insulation

Radiation

Supports

Detector

—_
1RO
O ow

IAAAAA

.

Isoo
ANNAN

25.0

N

<1

(=]

.0
Estimated Weight:

Neon and methane 1
Vacuum container

Insulation

Containers

Heat exchanger

Support

Miscellanes

NOONN
QU0 O

Total weight 26.6 lbs.

8Total heat load is 10 mW on neon; actual total detector heat load is 6.4 mW including provision for 5 mW
of detector bias current heating.
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» Calculation of Detector Heat Loads

Heat loads were quoted previously for radiation and conduction to the de-
tector and for radiation to the copper detector rod. These quantities are
justified below.

e Radiation to detector: -

The top of the detector will be assumed to be at 15°K, to view 200 °K
surroundings. to have an emittance of 0.5, an area of 0.2cm? and a view
factor of unity. This will give a very conservative estimate. Radiation
to the sides and bottom of the detector will be ignored since they view
lower temperature surroundings and will be given a very low emissivity
coating. The above values give

g = 0-91 mW

e Conduction to detector through supports:-

The design of the detector support system is discussed later. For the
purposes of estimating heat leakage through this support system, a con-
figuration of twelve titanium alloy wires is assumed, 0.005+«cm diameter
and 3. 5-cm long. The thermal conductivity integral between 200°K and
15°K’is 6. 32 x 103 mW/cm. These values give

o Radiation to detector rod:-

Since the rod views the structural support which has a gradient from 200°K
to 62°K it can be conservatively assumed that all the radiation is emitted
from the top one third of the tube at 200°K If the tube has an emmissivity
of 0.02 and the rod emissivity is 0.01, the rod is 10-cm long and 0.2 cm
in diameter. The support tube is approximately 3-cm diameter.

Thus, 0.02 x 0.01
Fig*®

0.02 +—g°(2)(1-.02).01

~ 0.01

If a shape factor of 0.2 due to columnar offset is assumed

9rad ~ 0.11 mW

» Conduction Along Service Lines

Tubing for heat exchanger and vent lines has not been selected in this report.
An estimate of the heat leak along these tubes can be made assuming a likely
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size of Mylar tubing, 0.6-cm diam with 0,025-cm wall. The average thermal
conductivity of Mylar is assumed to be 0.001 watt/cm=°K between 16°K and
200°K. The following estimates are made.

@ Heat exchanger lines:~

200°K environment to 15°K neon can ~ 0.0005 watt
62°K methane can to 15°K neon can ~ 0.0001 watt
200°K environment to 62°K methane can ~ 0. 003 watt

e Vent lines (assuming no venting flow):-

200°K environment to 15°K neon can ~ 0. 0004 watt
200°K environment to 62°K methane can ~ 0.0003 watt

Thermal design of solid-cryogen refrigerator for 60 to 70°K operation:
In this case, the detector is to operate at 60 to 70°K having a thermal load
of approximately seven mW for a duration of one year. This detector thermal
load is discussed in detail in the analysis of the 15 to 25°K neon-methane
refrigerator. There, it was found that the total detector heat load is 6. 44
mW. For a 60 to 70°K methane refrigerator for the same detector support
system, the detector heat load will be substantially the same as for the neon-
methane system. As was indicated previously, methane is the best cryogen
for cooling in the 60 to 70°K temperature range because of its high latent
heat of sublimation and its low density. A thermal optimization of a methane
refrigerator system is presented in Figure 88. This design is based on a
methane container having an L/D ratio of unity. This particular L/D ratio
is chosen to minimize the heat flow to the methane container through the
surrounding multilayer insulation. One curve in Figure 88 indicates the
methane mass as a function of the diameter of the methane container. The
second curve indicates the total methane mass requirements for one-year
operation, due to all the heat loads on the methane, as a function of the
methane container dimensions. This total heat load is made up of two fixed
heat loads, that due to the detector and that due to the main support column
for the refrigerator, plus the heat load through the insulation system, which
is a function of the container size. As previously indicated, the detector
heat load is taken to be seven mW. The main support column is taken to be
identical to that used for the neon-methane refrigerator. Conduction plus
radiation heat load down this column is also identical since in both cases the
column supports a 65°K methane container from a boundary at 200°K. The
heat flow through the multilayer insulation is taken to that through a 5.08-cm
(2-inch) layer of multilayer insulation. The area of this insulation layer is
assumed to be the average of the area of the methane container and the
outer area of the insulation blanket. Methane mass and container size re-
quirements are defined by the intersection points of those curves i.e., 1850
g (4.08 1bs) and 17 cm (6.7 in.). Methane container dimensions would be

oversized 10 percent as a safety factor.
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To size the methane venting tube for maintaining the methane temperature, it
should firgt be noted that 1850 g of methane are to be vented in one year
(3.17 x 107 sec). The resulting mass flow rate will be

3
1.85 x 10 = 5.84 x 10°° g/sec

3.17 % 10'7 sec

Equation(18)is used to determine the corresponding venting tube diameters
required to fix the temperature operating point of this system; this results
in
4 -4
D /L =288x10 .3 (21)
P

where P is the methane vapor pressure in Torr. For a venting tube length
of 30 cm, which would be typical of that required for a methane refrigerator,
this equation indicates that for a 60°K temperature operating point (0.1 Torr
pressure) Dy 1 cm. Larger venting tubes would not be too practical; thus,
60°K is taken to be the lowest operational temperature for a methane system.
This system is shown schematically in Figure 89 and its characteristics are
indicated in Table 20. Here the methane mass has been increased 300 g
(approximately 15 percent) over the thermal optimization value to provide a
conservative design.

Mechanical design of solid-cryogen refrigerator: -- As indicated pre-
viously, the structural and thermal design of a spacecraft-borne sub-
limating solid refrigerator are mutually dependent tasks. The aim of the
present structural design is to devise elements that will maintain the positions
of various refrigerator elements under the severe acceleration and vibra-
tional loads associated with a spacecraft boost phase and, yet, provide low
heat leak paths to and within the refrigerator. Thus, for structural members,
emphasis will be placed on titanium or Dacron taut-wire suspension systems
and the use of glass filament wound, epoxy-reinforced materials. This com-
bination of structures and materials provides for support systems which pos-
sess high strength and low thermal conductivity. The cross-sectional areas
of these members will be minimized and their lengths made long in order to
decrease the heat leak along these members. At the same time, the cross-
sectional areas must be sufficient to maintain the maximum stresses de-
veloped in these elements for the maximum acceleration and vibration loads
experienced by the system.

Several components of the refrigerator system have been identified as key
structural and thermal elements. These elements are analyzed in the
present design; they are the:

e Main support column for the refrigerator

e Taut-wire suspension system for the neon container in the neon-
methane refrigerator

e Taut-wire suspension system for the detector.
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TABLE 20, - PRELIMINARY SIZING OF A 60 to 70°K REFRIGERATOR

Sensor requirements

T. °K
Duration, years
Total head load, mW

Refrigeration requirements

Refrigerant
density, g./cm3
latent heat, joules/g

Container
3
volume, cm
dimensions, cm

mass, g

Head loads on methane, mW

60 to 70
1
7

Methane
0.49
615

4400
17.8 in diam x 17. 8 high
2150 (4.75 1bs)

Insulation 13.0
Support column 16. 8
Detector 7.0
36.8
Estimated weight: Methane 4, 85 lbs
Vacuum container 5.10
Insulation 1. 50
Methane container 1.50
Heat exchanger 0. 50
Support column 0.50
Miscellaneous 2. 00
Total weight 15.95 1bs
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Emphasis will be placed on the neon-methane refrigerator system structural
elements, as the taut-wire detector suspension system and the refrigerator
support column are common to both refrigerator systems. A main support
column designed for the neon-methane refrigerator (weight 26. 6 lbs) will
support the methane refrigerator (weight 16 lbs) with an even larger safety
factor. As has been indicated in the thermal design, the detector mount and
refrigerator support column has been already assumed to be an indentical,
common element in both systems.

Structural analysis of tubular support column: The tubular support
column is the primary suspension member for the entire refrigerator pri-
mary structure. The outer methane container is attached directly to the
lower mounting flange on this member. The structural dynamics model to
be analyzed consists of a thin-walled, effectively weightless tubular beam
which supports two flexibly connected rigid bodies. Since the primary trans-
verse moments will act essentially through the center of gravity of the neon-
methane systems, it is clear that the region of critical stress will be at the
upper, flanged end of the support column. This critical stress will be re-
duced by enlarging the upper end of the column; this will be accomplished
by using a conical tube. The structural analysis will indicate optimal para-
meters for this conical tube. Dimensional constraints have been dictated
for the tube by the thermal analysis. Figure 90 shows the orientation of the
conical tube and supported mass which will be subsequently analyzed. The
tube will be constructed from glass filament wound reinforced epoxy. It has
been shown for a similar refrigerator configuration (ref. 16) that this
material possesses excellent mechanical energy absorbing characteristics
such that acceleration levels of the supported mass did not exceed sinusoidal
levels of the base forcing function for any excitation frequency. As such,
the system may be considered very nearly or greater than critically damped,
(see Appendix E) Thus, it appears that a static analysis of the representative
beam-mass system should lead to conservative structural specifications.

It may be noted here that the single-cryogen (methane) system may be anal-
yzed as a tubular beam which supports just a single rigid body. Therefore,
the single-cryogen system is structurally simpler than the two-cryogen
system, With the exception of the analysis of the filament-supported inner
mass (neon) of the neon-methane system, results of the analysis to follow
are more conservative for, but apply to, the single-cryogen system.

» Vertical deflection and extensional stress in support column: Since ro-
tational forces are considered to be small (ref. 17) only vertical FV and

horizontal Fh forces are germane to this analysis. The vertical deflections

Fy L
6, = u() = FAo | {‘21')(7

are given by

i
|
|

(22)

!

1
in (1-—_—7-
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and for the maximum extensional stress (All equations shown here are re-
ferenced to Appendix F where the derivations are shown. )

Y
F 1 -=

% - E% T (23)
max X x =L 0o Y

whereas pertinent structural parameters are defined in Figure 90 (i.e.,
6, A).
o

» Horizontal deflections and bending stresses in support column: The re-
lationship for horizontal deflection is obtained at the c.g. of the neon- meth-
ane mass as

Oy = (Cn * 299 ¥ C22d2) Fy (24)
where
3 .
L _y EI ly 2| L /L 23y}
€y = ®Er | ) [1+ GkALz’l-z} 3 l-y 4.2
(6] 2 Y Y ;
J
2 v 3
- 1o (25)
C,, = 2
12 2F1 Y
4
L f - X
C 2
22 EI {1 -y)
and the maximum bending and shear stresses
| |
i | 1- d x |1
. cp 2L (2 ‘ + T T
“max. !- T MO ax —Fhl- I 1y X 1 tmax.
H 7 L -
-2
R N N
"Tmax. A " A 1-9 (26)
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Figure 90,
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A comparison of the maximum bending and shear stresses with the maximum
extensional stress for FV = 2 Fh is presented below,

Since the maximum bending stress should occur near x = O

. ; . 1 ‘y‘; ! A
O max, bending o & (1- £l -y a L+d - o)
o)
‘ . . v , L +d
1% max, | €Xtension 1 - 7) 1 - vl —3
" max. 1
= 9 7
5 2 27

max extension

Since L +d >> a, the tensile and compressive stresses due to bending are by
far the largest. Thus, minimization of these stresses is required. When

vy > 1/2 (1 +d/L), the maximum bending stress occurs at x = O and is given
by

(1-3% (1+$:(x=0) (28)

9max. bendin

g T
When v>1/2(1+ d/L, however, the maximum bending stress occurs at
x/L=2(1+d/L) - 1/y, and is given by
2
1 v
_ F al.L — 1 -
% max bending ~ H y | 7z soxo=ox) (29)
1 -

41 , m
] Y ’1+Q)
L

Upon additional mathematical manipulation, it can be shown that vy optimum is

1
3
2 [+

v

2
! 15
!

e

for the model presently considered. It is readily determinable from the de-

{ir;i}cic')'n of ¥ in Figure 90 that the upper diameter of the cone should be about
- 8 .
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» Values of critical stresses and displacements for the tubular support
specifications (ref. Figure 90):

v = v optimum = 4/15
L = 4.5 in.
¢ = 0.021in.
a 0. 59 in.
_ _ )

AO - 2 ﬂsat - 0. 074 1n. 4 iQ - L 2 - 0 174 1 2
I = ma%t = 0.012 in. A 2 @ : b
o] O
d = 5 in.

= mX =MW = 12(16) = 192 lbs
v v v

Fy = m¥X, = NpgW= 6(16) = 96 lbs
E = 4.5x 10° psi (ref. 14)

G = 2x10°psi(ref. 14)

From equations(22)and (23),the vertical deflection and maximum stress re-
sulting from the vertical (longitudinal) inertial load of 12 g maximum (ref.
17) is calculated

F
4 x| (B 1
5. = ®a |1 2) ( “n (1_\()
O
4
_ 192 L-35) @i en |1
6 4 4
4.5 (0.074) 10 1 -
15
= 0. 0026 in.
X
o .ov 172
e A 1-v
max. o)
L4
192 30
0.074 | |, _ 4
15
= 3000 psi
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Similarly, the applications of equations (24), (25), and (29) yield the maximum
horizontal deflection and the stress which occurs in the tube as a result of
the horizontal maximum inertial forces of 6 g's.

- 2 .
Gn [Cll +2 C12(5) + C22(5)] 96 in.
C11 = 0.00062
C12 = 0.000167
C22 = 0.000087
o] = 0, 44 in.
n
2
F_aL - (1-%2)
5 = —H Y
bmax. 4 Io 1-v (1 +%r
Loy 4"
96 (0.59) (4.5) 4 30
4 (0.012) 1_il1+11)
LETIE T T g
= 36 600 psi
and Gb is located midway up the column or about 2-1/4 in. from the end.
max.
Fu 1-y/2 92 . 13
Tmax. Al o1 -¥ 0.074 11
= 1470 psi
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Structural model of the neon container support system: Thermal consi-
derations predominated in the selection of a taut filament support system for
the neon container in the place of more conventional supporting methods,
such as that of column supports between the methane and neon containers.
However, it will be shown that little if any penalty is accrued in structural
integrity and reliability by this choice. Since the neon and methane units
possess masses of the same order of magnitude, large damping of the methane
leads to large damping of the neon, and the system is closely coupled. Conse-
quently, a static analysis of the neon system at elevated inertial loading levels
is expected to provide a realistic evaluation of the maximum loading and dis-
placements the system will experience.

A suspension system consisting of eight sets of wire pairs is considered here.
The wires fasten along the upper and lower edges of the neon container and
connect to the internaledges of the methane container in an assembly as shown
in Figure 91.

»Stress displacement relationships

The derivations of the stress displacement relationships for this multifila-
ment support system is presented in Appendix G and summarized here.

The displacement in the vertical v or axial direction is given by
F 4
v

v SEA cos2 7]
w

where 9W is the angle between the wire and the vertical axis and cos OW =

cos a cos ¥ (Figure 92).

The expression for the stress in a single wire as a result of the vertical
force is

F

o) S A
v 8A cos 6 (31)
w

The displacement and stress due to the horizontal inertial load is

I 1

6H 2EA

(32)
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Figure 92, Representation of Angles o, 3, v, and Gw for the
Filaments of the Neon Support System




5 ) F cos zpij
T2

ij A3 2 2
) Z és %> + és wi>
i=1

Y is the included angle between the wire and horizontal inertial force vector,

(33)

where:

subscripts i and j do not denote tensor notation, but are indices

which identify the jth of two wires in ith of eight pairs of supporting
filaments

cos "pil = sin?Y cos Bi + sinao cos ¥ sin Bi
cos Y, = sin Y cos B, + sina cos? sin B; (34)

Bi represents the angle between the normal to the horizontal force

vector and the ith wire pair.

< > in the summation refers to the convention whereby only positive values

of cos wij are evaluated.

Values of critical stresses and displacements for the neon assembly multi-
filament support system are as follows:

F = miiv = n W = 12(11.2) = 1341lbs
E = 1.5x 108 psi (Dacron filaments)
A = 453x10 %in.2
d = 0.024in.
+ = 1,15 in.
a = 26.6°
Y = 45°
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< > in the summation refers to the convention whereby only positive values of
cos wij are evaluated.

Values of critical stresses and displacements for the neon agssembly multi-
filament support system are as follows:

F_=mX_ =nW=12(11.2) = 134 lbs
v v v

E =1.5x 10° psi (dacron filaments)
A =4.53x10 % in?

d =0.024 in

4 =1.151in

a =26.6°

Y = 45°

Thus, cos 9W = cosacosy = (0.707) (0.894) = 0.632 and the stress due

to vertical forces equation (31) is

F
v

v 8A cos BW

Q
|

134
8 (4.53 x 10”%) (0. 632)

psi

57 500 psi

Application of equation (30) yields

F e
5 [ A

8EA cosZ 0
W

(132) (1.15)
(8) (1.5 x 10%) (4. 53 x 10™%) (632)2

0. 07 in.
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The stresses in the Dacron filaments and the displacement of the neon con-
tainer will vary as the direction of the maximum horizontal force vector
changes. The conditions which result from two particular force vectors are
evaluated to obtain an indication of the maximum horizontal stress levels and
displacements which may be experience by the system. The B. function is
used to evaluate cos wij , equation (34). !

Case 1 Bl =0

- LS 3T

By =0 3 T %
cos Bi =1 0 -1 0
sinB; =0 1 0 -1

cos W12= sin ¥y
cos Yy = sin a cos ¥y
cos w22= sin @ cos ¥

cos Y4,= sin Y

cos Bi
sin Bi
cos

COS12

COS21

COS22

[}}

T
Case 2 Bl vy

%

e ———
1, 2, 3, 4
I 3T 5T am
4 4 4 4

.707 -0.707 -0.707 0.707
. 707 0.707 -0.707 -0.707
.707 (- sin ¥ + sin a cos ¥)
.707 (sin Y + sin @ cos v)
.707 (siny + sin o cos )

.707 (- sin y + sin @ cos ¥)

All other cos d/ijs are negative and are, therefore, not evaluated.
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(Case 1 - Cont.) (Case 2 - Cont,)
ZCOS Yi1
Z‘\cos ”UiZ = gsin ¢ cos y +sin v Z:os 1,012

Z:os W, = cosyy, = 0.707 Zcos Vo, " Zcos Y., = 1.414 (0.707) (0.899)
.90

0.707(sin v, 2sina cos Y+ sin Y

it
"

sinag cos y + sin'y Ezos vy

0.707(sinvy +2 sinacos y - sin y)

o

(0.899 +1,0) = 1.34 =

The values of z cos "Uij indicates that GH for Case 2 would be greatest,

Therefore for Case 2

F

- 1
H ° 3FA 8 ; ;
n S
1=1
) 67.2 (1. 15) 1
9(1.5 x 105) (4.53 x 1074 0.90)2 + (0.90)2

0.057 in.

In addition, the maximum stress in the two cases analyzed, as the cos wij

values show, occurs in filaments 12 and 21,

] i FH cos l,l/ij
H.. 2 8
R €os Y, 2 | os wy
il 12/
=1
o * . (67.2) 0.707 [0.448 + 0.707 (0. 894)]
12 “Ha1 2453 x 107 T <L o>? +<0.97
g =0 = :
le H21 = 35 000 psi
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Summary and conclusions: The highest stresses occurring in the refri-
gerator system compared to the limiting stresses of the materials and a brief
resume of maximum deflection is presented in the following table.

Structural support column

%bend max. 36 600 psi

% ext max. 3 000 psi

Tmax. 1 470 psi

% resultant max. 40 000 psi

9 ultimate at 300°K 94 000 psi (min., ref. 14)
6\’ 0.0026 in.

®H max. 3t ¢ & 0.44 in.

(methane can)

Neon filament support system

o 57 500 psi

\%
h 35 000 psi
92 500 psi

9 resultant max.

135 000 psi at 300°K

% ultimate
6 0.070 in.
v
' 0.057 in.
4

rt column are apparently well withir}; toler-
indi i i 11 thickness may be pos-
imi d they indicate that a reduction in wa
Zli)éfehml};?;{l :}Ertheryanalysis is done to determine an acciaptablaenga;:kgzrrr(l)ifni—
safet.y consistent with the expected petr{)orrlr{algnge gtc‘) tgili‘t%c;xl‘lrrr‘lgcommendation
i ded to prevent buckling, 1nc¢ |
:.I;urrnna‘cll‘[:111 ;?lr?f;r;ets)i rvlveo(;thwile PZO note that the conical column having end

The values of stress in the suppo
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of 1-3/8" and 1" is subjected to a maximum bending stress of 4
] b cone

F

=1.6 IH aL_ The stress in an equivalent 1-inch diameter cylindrical
0
TH aL '
column ¢ b cyl = 2.1 I_a , and thus, a 24 percent reduction in the maxi-

o
mum stress is achieved by using a conical column.

The maximum undamped horizontal deflection could extend to about 0. 44
inches, but no system liability is expected from this excursion. A reduction
in d, the distance from the end of the support column to the c. g. of the
methane-neon system, by a factor of two would, however, yield the twofold
advantage of reducing the horizontal deflection to about 0. 13 in. and the
bending stress which acts on the column,

Although the stress levels in the dacron filament support system for the
neon are relatively high, they are less than quoted values for the ultimate
strength (reference 18)., Additional reductions in stress may be considered
without altering the thermal load by increasing the cross-sectional area
and the length for a fixed filament A/1 ratio.

Although the rotational accelerations of the vehicle are small, asymmetrical
or "off center' loads could develop on the neon-can suspension. A system of
filament pair supports was used rather than that of a set of single wires in
order to restrain torsional motin of the neon can about the vertical axis.

Also, an angle o = 45° was chosen for the plane of the filament pairs such
that it would not project through the center of the container. Consequently,
this design restrains container rotation about horizontal axis which passes
through the center of gravity.
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Thermal performance. -- Certain aspects of thermal performance will be
discussed here, These aspects are distinguished from those covered pre-
viously by their noncritical nature,i. e., they do not involve satisfaction of
basic design requirements. Thus, it is the purpose of the following para-
graphs to give an indication by approximate quantitative analysis that the de-
signs of the solid-cryogen refrigerator will perform adequately in certain
instances of nondesign point operation. In some cases, it is not necessary to
demonstrate adequacy of performance for both cryogens in the neon-methane
unit and for the methane unit. In these cases, the point will be made with
respect to the most stringent case.

Heat transfer within the cryogen cans: Consideration of the problem of
heat transfer within the cryogen cans can be confined to the neon container
in the neon-methane unit since the operational requirements are more string-
ent in this case.

Two heat transfer problems are encountered in the neon can. One is the re-
moval of latent heat from solidifying gases by the helium refrigerant during
cryogen formation. The other is removal of detector heat by subliming solid
during normal operation. Both problems involve the conduction of heat in a
direction perpendicular to the main can axis between the outer can cylindrical
wall, 5.6-cm radius, and the central copper rod, 0.l-cm radius. When the
can is filled with neon of conductivity about 0. 005 watts/cm°K, the conduct-

2m x 0 0055X622' 4 , = 0,15 watts/°K. Since
1n (6._1
200 watts have to transferred during cryogen formation, this conductance is

too low. The can will, thus, be filled with expanded copper foam of 92~
percent void fraction, An estimate of the geometrical parameters for this

ance of this path is given by

foam suggest a surface area of 5 cm’/cmq and an effective thermal conducs
tivity of about three percent of the equivalent solid. The lateral conductance
with this foam in place will, thus, be raised by a factor of 13%0:03 - 60
times. The new effective lateral conductance of 9 watts/°K is adequate when
it is observed that few of the 200 watts of cooling do not have to be taken from
the center of the can. Visual inspection of the copper foam suggests that the
maximum thickness of solid neon through which heat must be removed is
about 0.1 em. The conductance of this particular path for the whole can is

2
given by /4% (11.2) x 22.4x5x0.005 - 55 watts/°K. This very high

conductance suggests that a foam with greater conductivity and less surface
area per unit volume would be more suitable if it can be obtained.

The 2~mm diameter copper rod between the neon can and detector has been
sized for a heat load of 10 mW and a temperature drop of 0.5°K, i.e., its
conductance is 0. 02 watts/°K for a thermal conductivity of 20 watts/cm®K.
A short copper wire will connect the end of the detector cooling rod to the
detector itself. Possible dimensions for this wire are 1, 5-cm long and

0. 050-cm diam. These dimensions give a conductance of 0.026 watts/°K.
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Most of the thermal resistance between detector and solid neon will be in the
rod and wire. The resistance of these items will be {ﬁ‘oizf +0—%—2. = 88°K/
watt. For a 5 mW load plus about 1 mW in stray heat leaks, the difference
between the detector and neon can temperatures will, thus, be about 0. 53°K,
These estimates assume good contact between the detector rod and the copper
foam. This can be achieved by soldering the foam to the rod.

The latent heat of the neon will be removed by the helium refrigerant flowing
through passages surrounding the outside of the can, These passages should
have a large surface in common with the can so as to reduce the heat flux per
unit area through the can wall and to eliminate the need for conduction in the
direction of the can walls, Such passages would be wide and shallow. They
could be formed by creating an annular space around the outside of the neon
can, or a commercial sheet material could be used with coolant passages
formed between two layers of sheet metal. Choice of a system would depend
upon cost and availability considerations if construction is contemplated. For
preliminary design consideration, the passages are assumed to be 1-cm wide
by 0.2-cm high. The heat transfer coefficient that may be expected is esti-
mated as follows for 40°K as an example:

Helium flow rate W =50 liters liquid/hr
= 3,47 gms/sec

Passage area A =0,2 cm2

Passage hydraulic diam. D =0.33cm

30 x 10_6 poises (g—mass/sec-cm2)

Viscosity 5 =
Specific heat Cp = 5,8 joules/g-°K
Thermal conductivity K = 0.0003 joules/sec-cm-°K

The heat transfer coefficient h is given by

0.4

0.8 C p, "
hd| _ W S
%) = o.023 AR K

Substitution of the above values in the equation gives h ~ 0,7 watts/cm2-° K.
Since 200 watts have to be transferred from the neon can, a reasonable pas-
sage length of 100 cm would result in a temperature difference of the order
of a few degrees.

Although it would be advisable to flow helium over as much of the outer sur-
face of the neon can as possible since the stainless steel can has a poor con-~
ductance, the copper foam will help even out circumferential heat flow, The
foam should be cut so that it has a slight compression fit with the can. Since
the contact between the foam and the wall is somewhat imperfect, heat will,

226




R M 3 U 0 Ng A o0 8 e

thus, be partly transferred from the foam to the can wall through a thin layer
of solid neon.

The requirements of the methane systems are similar but less stringent, so
no further remarks on those components are necessary. Thermal conductivity
of solid methane is about one order of magnitude less than that of solid neon,
but this is inconsequential if copper foam is used.

Operation with 300°K boundary temperature: The heat loads calculated in
earlier paragraphs can be modified quite simply to account for a boundary
temperature of 300°K rather than 200°K. The new figures for the neon-
methane system are as follows, with the 200°K figures for comparison.

Heat load, mW
Boundary temperature 200°K 300°K

Methane can

Supports 14 29
Insulation 8 32
Neck tube radiation 2.8 14
Heat exchanger and vent tubes 0.6 __i_S
25,4 76.3
Neon can
Detector radiation 0.9 4.5
Detector wire support 0.4 0.7
Detector rod 0.1 0.5
Neon can support 2.0 2,0
Radiation from methane 1.0 1.0
Detector bias (zero if stored) 5,0 (0)
Heat exchanger 0.6 1.0
10,0 (9.7)

The methane loss is the most critical and will sublime at roughly three ti.rnes
the design rate, which gives a unit lifetime of about one-third of a year with
a 300°K outer boundary temperature.

A similar calculation can be made for the methane refrigerator using the
applicable data given previously. The results are tabulated below.
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Heat 1load, mW

Boundary temperature 200°K 300°K
Access tube and service lines conduction 14,0 29.0
Access tube radiation 2.8 14,0
Insulation 13,0 52,0
Detector 7 5

36.8 100.0

The methane will, thus, sublime at about three times the normal rate if
operated at 300°K boundary temperature, which gives a lifetime of about one-
third of a year.

Effectiveness of the passive control system: The cryogen vent tubes were
sized to provide a pressure over the solid consistent with the required opera-
ting temperature and heat load. A calculation can be made to determine the
rate at which the cryogen temperature changes with change of heat load,
assuming the given tube resistance.

The flow equation for the tubes may be written in a re-arranged form of
equation 18

p" = R m+ T (35)
where RF - 256 i< , is the flow resistance and is assumed constant for

™ Md
small changes in temperature.

The relationship between mass flow m and heat load Q is

- Q

m =T

where L is the latent heat.

The temperature/pressure relationship for a solid/gas equilibrium system
is given by

T = fgs (P) (36)

The regulation effectiveness of the passive system will be given by an equa-
tion of the form
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dT
R R (37)

This expression may be determined as follows:

4T _ 4T, dP, dm
4Q ~ dP  dm  dQ (38)

From equations (35), (36), (37),and (38)

R
dT ’ F 1
== = f_ (P)- .= (39)
dQ  “gs 5P -R. m3L| L
F dP
so that
4 -
ar _ fgs 1 ™Rr _dq
T gs _2P - RF m g—g— Q
(40)
v L -
S o e b o
1 a2
gs |p g8 ¢ |
P gs
For methane (from Figure 86),
= - 500
T =1, = v7-Tog P (41)
For neon (from Figure 84),
= 7 o= 14 (42)

fgs 7.28 - log P

From these last two equations, the following control expressions are obtained
for design point operation of the cryogen containers.

Neon 2 (43)
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For T = 15°K
P = 0.4 Torr
£/ = 4,93 (44)
gs
dT _ . dQ
— = 0.0047 o
Methane
. (45)
gs 500 P
For T = 62°K
P = 0.2 Torr
f’ = 38,45 (46)
gs
daT | 49
s 0.0011 )

Equations (45) and (46) show the fractional change in solid cryogen temperature
for a given fractional change in heat load. In both cases, the temperature
sensitivity is less than one percent of the heat load variation, This is con-
sidered to be quite satisfactory and would seem to indicate that active tem-
perature control is unnecessary.

The regulation of the methane refrigerator is obviously identical to that of
equation (46).

Subcooling: Since helium is to be used as the refrigerant, it should be
possible to cool most of the unit to about 6°K, This would permit the system
to be closed for a period of time while the pressures and temperatures of the
cryogens build up to the design values, An estimate of the length of time that
the neon-methane unit may be stored in the subcooled condition can be made
as foliows:

Neon can

Average specific heat between 6°K and 15°K

0.29 joules/g-°K

Thermal capacity of 3000 grams solid neon
between 6°K and 15°K

7740 joules

230




Estimated heat leak, assuming methane can
at 62°K, outer boundary at 300°K, and with
no detector load ~ 1 mW

. 7740 x 1000
Days of storage possible 3600 x 24 x 7 ~ 13 days

Methane can

Average specific heat between 6°K and 62°K 2 joules/g-°K

Thermal capacity of 1760 grams of methane
between 6°K and 62°K

n

179 000 joules

Estimated heat leak assuming a 300°K outer
boundary ~ 110 mW

. _ 179 000 x 1000
Days of storage possible = 110 x 3600 x 24~ 19 days

The methane can estimate includes the extra heat leak from the environment
due to its lower temperature. This is compensated for by the neglect of the
thermal capacity of the structural members and insulation. It is suggested
that two weeks be considered to be the maximum length of storage with a
300°K outer-boundary temperature, until experimental data are available,

The appropriate figures for the methane unit will be nearly the same as those
for the methane can of the neon-methane unit., Here, the methane mass will
be slightly higher and the heat leak slightly less for a 300°K boundary. Since
the calculations are all approximate, a maximum storage period of two weeks
in the subcooled condition is suggested.

Thermal transient response of the refrigerator: This problem is essen-
tially very complex and can only be satisfactorily resolved by experiment.
A very simple analysis can be made by assuming that the cryogen containers
are the only heat sinks and that the heat leaks do not depend upon the sink
temperatures,

Neon
200°K boundary heat leak with no detector load = 5,0 mW
300°K boundary heat leak with no detector load = 9,7 mW

Thermal capacity of 3000 grams at 0.29 joules/g-°K 900 joules/°K

Rate of temperature rise with 200°K outer boundary 0.02°K /hr

0.039°K/hr

Rate of temperature rise with 300°K outer boundary
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Methane
200°K boundary heat leak = 25,4 mW
300°K boundary heat leak ‘ = 76.3 mW

Thermal capacity of 1600 grams at 2 joules/gm°K 3200 joules/°K

Rate of temperature rise with 200°K outer boundary = 0,029°K/hr

Rate of temperature rise with 300°K outer boundary 0.086°K/hr

For the methane unit the rate of temperature rise is slightly different. By
scaling the above members, the appropriate figures will be 0, 03°K/hr and
0. 085°K/hr for the 200°K and 300°K boundary cases, respectively.

Servicing techniques, ~- In order to make a quantitative assessment of
refrigerator servicing requirements, it is necessary to neglect the effect of
the space vehicle internal plumbing, etc. and to consider the refrigerator to
end at the interface between it and the vehicle, The additional restrictions
and requirements placed by the vehicle and the ground support system will
have to be included after a study of the integrated system has been made,

The areas of refrigerator operation which may be included under servicing
may be categorized as follows:

e Cool-down and solid-cryogen formation,
e Consideration of storage and shipping requirements,

Cool-down and solid-cryogen formation: Since the neon chamber operates
at 15°K, and neon has a triple-point temperature of 24, 6°K, only two refriger-
ants may be considered ~ liquid hydrogen and liquid helium, Both are rela-
tively freely available, Liquid hydrogen is cheaper, has a higher volumetric
heat capacity, but is hazardous. Its normal boiling point of 20, 4°K is higher
than the intended 15°K operational temperature for the neon and so a degree
of sublimation cooling of the latter would be necessary to reach the operating
temperature, This would reduce the amount of neon available for steady
operation and prevent any subcooling of the neon to be obtained. Liquid helium
is safe to use and would permit higher temperature gradients to be obtained
in the neon chamber during solid formation, Its main disadvantages are its
higher cost and the larger volume which would be needed for servicing.

The requirements for solid-methane formation do not place any further re-
strictions upon the choice of refrigerant,

Several ways of using the helium refrigerant may be envisaged. One very
simple method would be to spray helium into the space between the neon and
methane cans, This would require the use of only one extra tube from the
outside which need not make contact with any of the internal components. Gas
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would exit via the neck penetration. This method would introduce no addi-
tional heat leaks, but it has the disadvantage that the detector must be kept

in a vacuum at all times, thus, requiring two vacuum areas rather than one,
Another disadvantage would be the need to make the inner assembly leak tight
with respect to the insulation so as to prevent temporary degradation of the
latter during ground hold. This method has long-range advantages, but it is
probable that more conservative techniques should be used at least until some
flight experience with these devices has been obtained. Consequently, a sys-
tem in which refrigerant is passed through passages of some sort in contact
with the cryogen chambers will be used. Such an exchanger could be external
or internal to the cryogen cans.

Internal coils would obviously bypass the thermal resistance of the container
walls from the cans; however, they would take up too much valuable space
and introduce too many complications into the construction of the cans. The
cooling passages will, therefore, be built onto the outside of the cans.

One heat-exchange pass will be made in which cold liquid or gaseous helium
will first cool the neon chamber and then the methane chamber, Connections
will amount to one tube from the exterior to the neon can, one tube from the
neon can to the methane can, and one tube from the methane can to the ex-
terior. Thus, the solid-methane should be formed and considerably subcooled
before the neon chamber is completely filled. This subcooling will be reduced
somewhat because most of the sensible heat of the refrigerator structure will
be removed via the methane chamber heat exchanger.

The amounts of heat to be removed from the neon-methane unit at 300°K are
approximately as follows:

Neon
Sensible heat, 300°K to 15°K 302 joules/g
Latent heat of solidification from vapor 105
Sensible heat, 15°K to 6°K ﬁi_
Total 433 joules/g
For 3000 grams 1 299 000 joules
Methane
Sensible heat, 300°K to 62°K 502 joules/g
Latent heat of solidification from vapor 615
Sensible heat, 62°K to 6°K 112
Total 1230 joules/g
For 1600 grams 1 970 000 joules
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Structural members, insulation, etc.

Assume that all components are stainless steel and that they are all cooled to
6°K

Sensible heat, 300°K to 6°K 75 joules/g
For 2630 grams 197 000 joules
It will be assumed that it should be possible to cool the unit and form the
cryogen in two hours at the most. The cooling requirements may be restated
thus:

Neon container ~ 200 watts

Methane container plus structural items ~ 300 watts

The liquid-helium refrigerant requirement may be estimated by assuming
that the equivalent of all latent heat plus sensible heat up to 70°K (est) is
removed from all the flowing helium, Thus,

3 466 000 joules = (helium-mass flow) x h - hy 2]
. 870 .

Helium-mass flow = %%;E

9060 gms
or 73 liters

This total does not include the amount of helium needed for cooling the trans-
fer line and space vehicle plumbing, of course. Exactly how much helium
will be needed can only be determined by experiment. The problem is highly
time dependent in nature and is not amenable to theoretical analysis. Appar-
ently a liquid-helium supply of 100 liters should be adequate.

Within the refrigerator, mylar tubes will be used for carrying the coolant to
the cans. The exact dimensions and positions of the tubes will not be selected
until construction is contemplated because of the numerous secondary con-
siderations which will appear in that phase, such as availability of material
and ease of assembly., Mylar tubes of 0,25-in, diam. with 0,010~in, wall
thickness is suggested. A possible routing of lines so as to provide long
thermal conduction paths would be as follows: exterior to bottom of neon can;
top of neon can to top of methane can via bottom, to increase the path length;
bottom of methane can to exterior.

The problem of heat conduction within the neon can was discussed previously.
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The neon and methane cans will be filled via their vent lines. Layout of these
lines in the space vehicle will present some problems. The flow resistance
of these lines must be preserved at the value calculated previously, but gases
must be dumped in a manner that does not affect the vehicle attitude control.

Similar remarks to the foregoing can be made concerning the methane refrig-
erator. A simple scaling of the numbers shows that in this case about 65
liters of liquid helium would be necessary.

There is little doubt that the helium requirement could be very greatly reduced
by careful study of the overall space vehicle system and programming of flow
rates to make best use of the sensible heat of the helium gas.

Storage and shipping considerations: It may be necessary to ship or store
a refrigerator in cold condition. Previous calculations show that the unit can
be stored in a 300°K environment, evacuated, for about two weeks. This re-
quires that the cryogen vent lines be closed off or equipped with some kind of
regulated valves which will open when the cryogen pressures reach design
values.

Launch considerations. -- There are three launch phases of interest. They
are ground hold, ascent, and adjustment to equilibrium operating conditions.
A quantitative assessment of the behavior of the refrigerator under these cir-
cumstances is impossible at the present time since the refrigerator is but a
part of a complete system. However, potential problem areas can be identi-
fied and an indication can be given of how they can be solved quantitatively.

Ground hold is somewhat similar to general storage, and the remarks made
previously apply. If, after ascent, the refrigerator must be able to reach
equilibrium quickly, the system must not be subcooled by more than a degree
before ascent. This will require that a small amount of cold helium be circu-
lated through the refrigerator under ground hold conditions, and its flow
should be carefully monitored to retain this fine control. The circulation of
coolant will solve the problem of higher environmental temperatures at this
stage, 300° exterior instead of 200°K. A vacuum environment will be required
at all times for protection of the detector as well as to minimize heat leaks.

Calculation of ground-hold helium coolant requirements will be straightforward
but will depend upon the overall system configuration and scheduling. The
vent lines can be closed off under all subcooled storage conditions.

Ascent conditions will place severe structural loads on the refrigerator, as
was previously considered in detail. A decision will have to be made con-
cerning the transient thermal behavior of the refrigerator. Since the detector
must be kept in a vacuum, the whole unit can be kept evacuated during ascent.

When orbit is reached, the vacuum chamber can be opened to space, and the
vent lines can be open